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ABBREV IAT IONS 
ATP - Adenosine triphosphate 
BAPTA - bis- (o-aminophenoxy)- ethane- N,N,N' ,N'-tetraacetic acid 
BSA - Bovine serum albumin 
5CF - 5 (6)-Carboxyfluorescein 
cpxn - counts per minute 
Ci - Cur ie 
Da - Dalton 
dc - Direct current 
DXSO - Dimethylsulphoxide 
DTPA - Diethylenetriaminepentaacetic acid calcium salt 
EDTA - Ethylenediaminetetraacetic acid disodium salt 
EGTA - Ethyleneglycol bis-(aminoetbyl ether) N,N,N',N'-tetraacetic acid 
disodium salt 
FDA - Fluorescein diacetate 
HEPES - N-2- Hydroxyethy lpiperazine- N '-2-ethanesulphonic acid 
lV - 1000 volts 
l'IES - 2-f N-Norpholinolethanesulphonic acid 
PEG - Polyethylene glycol (average Mr 8000) 
Quin 2 - Methoxyqulnoline bis- (o-aminophenoxy ) ethane- N ,N ,N' ,N '-tetraacet Ic 
acid potasium salt 
Quin 2/AN - Tetraacetoxymethylester of Quin 2 
r.f. - Ratio to the solvent front 
rpm - Revolutions per minute 
TLC - Thin layer chromatography 
Tris - Tris- (hydroxyinethyl)-aminoethane hydrochloride 
TFP - Trifluoperazine hydrochloride 
Mr - Molecular weight 
V - Volt 
v/v - Volume for volume 
w/v - Weight for volume 
W7 - N- (6-Aminohexyl)-5-chloro-1-naphthalene sulphonamide 
VS - N-(6-Aminohexyl)-l--naphthalene sulphonamide 
ABSTRACT 
One limitation on our understanding of the regulation of plant 
physiology and biochemistry by cytoplasmic free [Ca] has been the 
lack of a technique to directly measure this quantity in the cells 
of higher plants. Protoplasts of Daucus carrota, Phaseolus aureus 
and Hordeum vulgare were permeabilised by the application of 4-
8kVcm 2 , 2-5x10 second do electrical pulses. The 4-8xl0m 
electropores formed in the plasxnalemiva remained open for 30-60 
minutes at 26C, The (Cal - ] indicating fluorescent dye, Quin 2, and 
photoprotein, aequorin, entered these electropermeabilised 
protoplasts and were trapped intracellularly on pore resealing. 75% 
of the intracellular Quin 2 remained in the cytosol. Quin 2, but not 
aequorin, was observed to depress ATP levels by 60% and inhibit 
protoplast division. However, membrane function was not disrupted 
and indicator loaded protoplasts were observed to regulate their 
cytoplasmic Ca2 levels. Both Quin 2 and aequorin measured basal 
free cytoplasmic [Cal - ], in all protoplasts systems studied, as 10 
'T(. This basal Ca2 level was maintained despite changes in the 
extracellular [Ca] over 10 to 101{ or the extracellular [Xg] 
and [K] over 0 to 10 2M. Outside this range cytoplasmic [Ca] 
approached that of the medium. The calmodulin antagonists W7, 
trifluoperazine and tetracaine, at concentrations putatively 
specific for calomdulin antagonism, caused cytoplasmic (Ca--- 1 to 
increase, with 5x10M extracellular Ca 2 . This increase was 
diminished 6 fold,, but not abolished, upon replacing the Ca 2 of the 
medium with lxl0 3 X EGTA. Therefore antagonism of calniodulin 
increased Ca- - influx to the cytoplasm both across the plasmalenima 
and from intracellular Ca 2 ' stores. These observations represent 
some of the first direct measurements of cytoplasmic [Ca 2 ) in plant 
systems. 
The aim of this introduction is to describe our current 
understanding of how cytoplasmic Ca acts as a regulator of plant 
physiology and how its levels are both maintained and potentially 
changed by developmentally important stimuli. The available methods to 
measure cytoplasmic Ca will then be discussed to highlight the need 
for the development of a technique to directly quantify these levels iii 
vivo in the higher plant cell. The development of such a technique and 
Its application to the study of the regulation of Ca- regulation ta 
vivo will then be reported. 
WHY CALCIUM? 
From a spectrum of physiological ions available the eukaryote 
cell seems to have singled out calcium to regulate many intracellular 
processes. This arises from several advantageous characteristics 
calcium has over other biological Ions: 
Chemical Fitness 
The variable coordination number and bond length of the calcium 
ion allows for a greater range and specificity of interactions with 
receptor molecules, such as proteins, than Ions with fixed coordination 
and bond lengths. Also the large ionic radius of Ca means it sheds 
water molecules rapidly, for example 10 4X faster than ](g*,  Therefore 
interaction with a receptor will require less energy and be faster 
[Hepler and Wayne, 19851. 
Physiological Fitness 
Cytosolic Ca- is cytotoxic if maintained at, or above, lO). 
Therefore cytosolic Ca- 	must be held well below this level, 
extracellular Ca 	being 10M (1-lepler and Wayne, 	1985). 	This 
relatively low basal level of cytosolic free Ca means a small Ca' 
influx will give rise to a large change in the cytosolic concentration 
of the ion which could trigger Ca2'-dependent cellular processes. The 
small absolute numbers of calcium ions imported do not pose an osmotic 
burden on the cell and can be expelled, bound or sequestered, returning 
Ca- to basal levels with little energy expenditure. This rapid removal 
allows both spatial and temporal Ca- gradients to occur which can 
carry biological information. The inillimolar cytosolic levels of K or 
Xg would make fluxes of these ions, carrying equivalent information, 
both an osmotic and energy burden to the cell [Hepler and Wayne, 19853. 
Thus cells have capitalised on a requirement for low free cytosoli(-. 
Ca- to allow controlled influxes to regulate cellular processes. 
Having established that Ca has potential advantages as a carrier 
of information what evidence is there that this ion does indeed 
regulate physiological processes in the plant? 
Ca2 regulation of plant physiology 
Three criteria have been put forward by Jaffe (1980) for the rigorous 
identification of regulation of a physiological process by Ca, 
namely: 1) the response should be preceeded or accompanied by a change 
in intracellular [Ca]; ii) artificial induction of such a change 
should stimulate the process and iii) blockage of the change should 
block the process. In the case of Ca 2 dependent inhibition of 
cytoplasmic streaming [Williamson and Ashley,1982; Hepler and Wayne, 
19851 and a requirement for Ca gradients in polarised growth of 
pollen tubes and Fucus rhizoids [Reiss and Nobiling.1986; Brownlee and 
Wood, 1986; Hepler and Wayne, 19853 the fragmentary data have met all of 
Jaffe's rules. Whilst in the case of mitosis only a direct 
quantification of the Ca level changes tentatively observed during 
mitotic progression is lacking [Keith et. al. ,1986; Hepler and 
Wayne, 19851. 
In many other cases the evidence, though less complete, is still 
compelling. Intracellular Ca24 levels have been changed with Ca-
ionophores (Jaffe's second rule), the application of Cal- channel 
antagonists or chelation of extracellular Cal - (Jaffe's third rule). 
These treatments affect such diverse processes as: cytokinin induced 
bud formation in mosses, polar auxin transport, gravitropism, 
pathological disorders in apples and potatoes, protoplast fusion, leaf 
movements, stomatal guard cell swelling, desmid morphogenisis, a 
multitude of phytochrome modulated processes (such as choloroplast 
rotation in algae and fern spore germination) and of course cytoplasmic 
streaming, polar growth and mitosis (Hepler and Wayne,1985; 
Trewavas,1986;Grimes and Boss,19851. Coupled to these studies have been 
observations of changes In 'membrane bound' Ca, Ca 	isotope fluxes 
and total Ca 	levels which have been thought to reflect changes in 
cytosolic free Cal - (see below). 
Inhibition of most of the processes listed above by antagonists 
of the Ca-dependent regulatory protein, calmodulin, has been taken as 
further evidence of direct Ca 2 regulation via the Ca 2 -calmodulin 
complex (Hepler and Wayne,19851. However interpretation of such data is 
difficult as non-specific effects of these drugs are well documented 
(Roufogalis et.al . ,1981, 1982]. 
In most cases direct determination of changes in cytosolic Ca 2 
(Jaffe's first rule) have not proved possible (see below). However, 
there is evidence that cytoplasmic Ca 	levels are both highly 
regulated and change with developmentally important stimuli. 
Cytosolic Ca 2 in the Plant Cell 
The giant algal cells of Chara and Nitella have proved uniquely 
suited to the microinjection of Cal - indicator (Williamson and 
Ashley,19821 whilst the insertion of Cal --selective uiicroelectrodes 
and/or use of a permeant Cal- indicating dye has proved possible in 
rhizoid cells of Fucus serratus (Brownlee and Wood, 19861 and 
Nitellopsis (Miller and Sanders,19873. These investigations have shown 
that algae maintain cytosolic free Ca at 1-4x1O 7M. Technical 
problems have precluded similar quantitation in the sill, vacuolated 
cells of higher plants (Cork, 1986a,b;Sanders and Miller, 1986]. 
Superimposed on this stable basal level two classes of Ca level 
modulation have emerged: (i) a sustained, spatially localised ion 
gradient as seen from tip to base in growing rhizoids of F serratus 
(Brownlee and Wood,19861 or pollen tubes (Reiss and Nobiling,19861 and 
(ii) a transient change as in Chara cells responding to an action 
potential (Williamson and Ashley,19821, Haemanthus endosperm cells 
progressing through mitosis (Keith et.al.,19851 or upon illumination of 
litellopsis (Miller and Sanders,19871. Such changes may be highly 
spatially llised as exemplified by the restriction of measurable 
increases in Ca level to the spindle poles of the mitotic endosperm 
cells (Keith etal.,19851. 
The basal, submicromolar Ca 	level has to be maintained inspite 
of the 10 1M Ca' found in the wall compartment and organelles (Hepler 
and Wayne, 1981. Plant cells psess a range of active transport 
processes which either expel excess Ca from the cell or sequester it 
Into the organelles, the complex intelationships of which are 
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Figure 1.1 Ca 	fractions of the plant cell. 
indicated in figure 1.1. Vacuoles, chioroplasts and mitochondria 
accumulate Ca, often to 10- X, but the transport processes of the 
isolated organelles or membrane vesicles have a low affinity for Cal - , 
generally less than 10X, though probably posessing a high capacity to 
store Ca LMoore and Akeran,19841. In contrast the Ca 2 -dependent 
adenosine triphosphatase (Ca-ATPase) Ca2 efflux pump (probably a 
Ca2 /2H antiporter (Rasmussen, 19831 of the plasmaleni and the 
sequestering activity of the endoplasmic reticulum exhibit a 10 fold 
higher affinity and so may represent the activities that set the basal 
Cal- level. Also the presence of Ca2 -selective ion channels have been 
I , 
1% 
tentatively identified in the plasma and vacuolar membranes from the 
specific binding of drugs that antagonise animal Ca-channels 
[Hetherington and Trewavas,l984; Andrejauskas et. al, ,1986]. These same 
drugs inhibit physiological processes in plants (Hepler and 
Wayne, 1985]. 
The activity of these components of the Cal - regulatory system 
have been shown to be modulated by developmentally important stimuli. 
Active phytochrome increases Ca influx at the plasmalemma and 
modulates Ca 	uptake by mitochondria in several systems (Roux 
et. al. ,1986]. Light induces Ca 	uptake by chloroplasts (Moore and 
Akerman,19841 and depletion of cytosolic Ca 	levels [Miller and 
Sanders,19871 whilst auxins and cytokinins modulate the activity of 
membrane Cal- transport processes [Elliot, 1983. 
So the plant cell posesses the machinery through which cytosolic 
Ca2 levels could be both maintained at a low basal level and modulated 
by external stimuli. Plant cells have also been shown to posess a 
biochemistry which could both sense and respond to such changes. 
Changes in Ca 	level may directly modulate the activity of a Ca 
dependent enzyme or through binding to a calcium dependent regulatory 
protein, such as calmodulin [Klee,1982;Rasmussen,1983;Dieter, 19841. On 
binding 3-4 Cal - calmodulin undergoes a conformational change. The 
active Ca2 -calmodulin complex can then modulate enzyme activities. 
Whilst other calcium binding proteins have been detected in carrot 
cells [Ranjeva et.al,19861 and phloem [Sabnis and McEuen,19861 only 
calniodulin modulation of enzyme activity has been well characterised. 
For example Ca"-calmodulin modulation has been observed with 'dark 
grow'n' QuinateNAD oxidoreductase (E.C.1,1,1,24), NAD kinase 
(E.C.2.7.1.23' and several soluble and membrane bound protein kinases 
[ Dieter, 1984J. Interestingly Ca 2 -calmodulin activation of ATPases at 
the plasmalemma, endoplasmic reticulum (Moore and Akerman,19841 and 
tonoplast (Fukumoto and Venis,19861 has been reported. These same 
ATFases may be responsible for Ca transport and their modulation by 
calmodulin represent an integration of control of the system that 
regulates intracellular Ca levels. 
Ca MEASUREMENT 
e 
Having established that the plant cell possesses the eLAments of a 
Ca 	regulatory system and that some developmental processes may be 
mediated through transient changes in Intracellular Cal - levels it 
becomes Imperative to directly detect the magnitude, kinetics and 
spatial distribution of such changes within the plant cell. Analysis of 
total cellular Ca 2 does not reveal this as most of the intracellular 
calcium is not present as the free ion but bound to, or sequestered by, 
cell constituents and organelles, figure 1.1. Therefore to reveal 
changes in cytoplasmic Ca a measurement technique must be able to 
distinguish between these fractions. 
Indirect Measurement of Intracelular Ca Levels 
Ca-7- dependent enzyme activities and transport activities have 
been found to be modulated by changes in Ca 2 level over the range 10' 
to lOX Ca 	in. vitro (Mari,l984;Ackerman and Moore, 1984; Blowers and 
Trewavas,19871, though anomalies do exist such as QORase which requires 
10M Ca 	for activation [Ranjeva et.al.,19861. Therefore for such 
regulation to occur in. vivo Ca 	levels would have to be maintained at 
lO 	to lOM. Though data from ia vitro may not prove directly 
applicable ia vivo cytoplasmic streaming in algal cells was found to 
be inhibited by Ca2 >lOM ia vitro and direct determination of 
cytoplasmic Ca -,7: - levels (see below) confirmed this pattern of Ca- 
1 
sensitivity 	tn. vivo (Hepler 	and 	Wayne, 1985; 	Williamson and 
Ashley, 1985] 
Cytoplasmic Cal- level may also be indicated 	by the lowest 
extracellular Ca 	level at which Cal--dependent physiological 
processes cease to occur. This level may represent the extracellular 
[Ca2 1 at which the electrochemical gradient no longer favours an 
influx of Ca required to mediate the process under study. When such 
studies have been undertaken processes are inhibited at extracellular 
Ca <lO'M (Hepler and Wayne,1985;Hepler,1985;Picton and 
Steer,19831. However the high efficiency of membrane Ca 2 transport 
processes and the presence of intracellular Ca stores complicates 
the Interpretation of such thresholds. 
Slightly more direct evidence of cytoplasmic Ca 	regulation has 
come from observing changes in the fluxes of the radioisotope 4sCa2. 
Increases in Ca influx have been observed In for example: growing 
pollen tube and illuminated algal cells [Hepler and Wayne,19851 or 
protoplasts of maize (Das and Sopory,19853. These changes are assumed 
to indicate changes in intracellular levels of the free ion. However, 
45Ca2* fluxes can only measure changes in the exchangeable Ca pool at 
the plasmalennna. The relationship between this pool and that of free 
cytoplasmic Ca is poorly understood. 
Localisation of intracellular Ca 	pools has also been attempted 
at the ultrastructural level. More or less specific precipitation of 
calcium with oxalate and pyroantimonate or analysis by X-ray, and more 
recently proton microprobe, has allowed both microscopic localisation 
and quantitation of calcium within tissues and cells [Hughes,1986). 
However, the extent to which the ion distribution of sectioned 
material, even rapidly frozen hydrated sections, reflects that found j1. 
vivo is debatable. The techniques also suffer from being destructive, 
relatively insensitiv, the microporbe requiring LO 4 X calcium in the 
zone of analysis, and being unable to distinguish free Ca from bound 
or precipitated forms [Hughes, 1986]. 
Chiorotetracyline (CTC) is a lipid soluble antibiotic which 
fluoresces on chelating Ca [Thoxnas,1982]. Its high affinity for 
membranes, as well as an enhanced fluorescence in a hydrophobic 
environment, has lead to the view that CTC qualitatively indicates 
'membrane bound' Ca. The relationship between this and the free 
cytosolic Cal- pool and the exact selectivity for Cap' (changes in pH 
and especially Xg2 alter CTC fluorescence) are however open to 
question [ Thomas, l982]. Nonetheless, providing artifacts due to 
accumulation in regions of high membrane density are allowed for, CTC 
has prved useful in visualising probable changes in 'membrane 
associated' Ca in for example the membrane rich poles of the mitotic 
apparatus and the presumptive site of growth in mosses and pollen 
grains [Hepler and Wayne,19851, results that have later been confirmed 
using superior Ca- indicators and measurement techniques (Keith 
et.al . ,1985; Saunders, 1986;Reiss and Nobiling, 1986]. 
Thus the indirect approach, though suggesting that cytoplasmic 
Ca is <10N and does change with developmentally important stimuli, 
is inconclusive. However, direct Ca estimation techniques have proved 
technically difficult to apply to plant cells. 
Direct Estimation of Ca 	Level 
Ca - -selective microelectrodes 
Microelectrodes filled with a gel of a Cal- selective ion 
exchanger and Polyvinylchloride have been inserted into the plant cell 
cytosol. Ca levels were estimated as 101( in the algae Nitellopsis 
[killer and Sanders,19371 and E. serratus [Brownlee and Wood,19861, 
However, even in these cases the Cal" sensor may be forced from the 
Indicator 	Ca-dependent Wavelength(s) K0 for Mr pH insensitive inteference 	Reference 
parameter for measurement Cal* (Da) range by Mg 
Photoprotein 
aequorin 	light emission 	470nm 
Metal lochromic 
inurexide 	absorbance 	540 & 570nrs 
arsenazo III 	absorbance 	660 & 690nm 
6xlO 4 M =20000 	p11 6.8-8.0 strong 
lxlO 3M 284 	pH 6.0-9.0 slight 




8APTA family 	fluorescence 
Quin 2 	emission intensity 	490nm 	1x10 1 M 	541 	p11 6.0-8.0 	very slight Tsien (1982) 
Indo 1 	emission spectrum 400 & 483nm2 2x10 7 M 	672 	 Grynkiewlcz (1985) 
Fura 2 	excitation spectrum 340 & 380nm 	2x10 1 M 	644 
5FBAPTA 	'F-NMR4 spectrum 	- 	 - 	510 	 none 	Smith et,.al. (1983) 
'excitation 340nm, 2excitation 332nm;emission 510nm; 4 Nuclear Magnetic Resonance (Smith et.al. ,1983); 6inteference varies 
with [dye) (Thomas,1982] 
Table 1.1 	Properties of Ca2'-inidcators. 
electrode tip by turgor pressure or the electrode be inserted to the 
vacuole, making the technique technically demanding. Such problems are 
amplified in small vacuolated cells of higher plants which to date have 
not proved suited to electrode insertion (C.Brownlee Pers.commun.). 
Also measurement by microelectrode is localised at the electrode tip 
potentialy missing localised changes in Ca 	level, for example in L. 
serratus rhizoids Ca 	level varied 10 fold from cell base to tip 
[Brownlee and Wood, 1986]. 
An alternative approach that allows the fine spatial and temporal 
architecture of Ca 2 level to be observed is the introduction to the 
cytosol of a free Ca2 indicator. 
Free Ca indicators 
Table 1.1 compares the properties of Ca 	indicating molecules 
which have been used in attempts to measure cytosolic Ca 2 levels in 
plant and animal cells. 
Photoproteins 
The photoprotein, aequorin, is extracted from the luminous jelly 
fish Aeguorea sp. and emits a single photon on binding 3 or 4 Ca. 
Photon emission, under physiological conditions, irreversibly 
inactivates the protein. The rate of light emission is proportional to 
the [Ca] and so with careful calibration aequorin can quantify Ca 
levels between 10-8 to 10 4X [Thomas,1982]. Interference by Mg2* is 
potentially serious but can be allowed for in the calibration, 
providing the cytosolic free Mg level is known! Light emission is an 
inherently sensitive technique allowing the use of low, probably 
nonperturbing, indicator levels. Even so, a major limitation in its use 
seems to be the small amount of indicator usually loaded into the 
cytoplasm, bearing in mind the 'one shot' nature of the Ca - -dependent 
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Figure 1.2 The structure of Quin 2 and Quin 2/AX 
The metallochromic dyes show a change in absorption spectrum on 
binding Ca 	and unlike photoproteins are not consumed in the process. 
They have a relatively low affinity for Ca2 and soare unsuitable for 
measuring <10 6M Ca 	(the expected basal cytosolic Ca 	level). These 
dyes can quantify transient increases in Cal - providing they are above 
10-6 X, for Arsenazo, or lOM for murexide. However a serious drawback 
to the use of A.rsenazo is a pronounced sensitivity to H and/or Xg 
which changes with dye concentration [Thomas, 1982] 
The BAPTA Family 
The BAPTA family of Ca 	indicators, unlike the metallochromjc 
dyes, were specifically designed to be sensitive Ca 	selective 
indicators [Tsien,1980;Grynkiewicz,1985]. They show the high Ca:Mg-
selectivity of their parent molecule, EGTA, but are independent of 
changes in pH in the physiological range, table 1.1. On binding Ca 
the fluorescence of the indicator changes (an inherently more sensitive 
measure than pure absorbance changes). The change may be either in 
emission intensity (Quin 2), emission spectrum (Indo 1) or excitation 
spectrum (Fura 2). With a suitable calibration such change in 
fluorescence can easily be related to cytoplasmic free Ca" levels. The 
BAPTA dyes affinity for Call is high enough to accurately measure Ca 
between lO 	to lOX, the expected cytoplasmic Ca- range and once 
introduced to the animal cell cytoplasm the dyes do not readily cross 
organelle membranes 
However, a major obstacle to the use of these indicators with 
plant cells has been the lack of a suitable method for the uptake and 
cytosolic localisation of the impermeant indicator molecules. 
The membrane permeability barrier to the Ca 	indicators has been 
overcome, in the case of aequorin, by microinjection into the giant 
internodal cells of the algae Chara and Nitella. However, this approach 
suffers from the same problems as insertion of microelectrodes 
discussed above and does perturb the intracellular Ca 2 levels for up 
to 1 hour after insertion of micropipette (Williamson and Ashley, 1982). 
Flasmalemma hyperpermeabilisation 
Aequorin has also been loaded into the cytoplasm of animal cells 
through reversible disruption of the plasmalemxna by both chemical, EGTA 
[Morgan et.al.,19841 ATP4- [Morgan and Morgan,19821, and mechanical 
[McNeil and Taylor,19853 methods. The indicator diffuses into the cell 
before the lesions induced in the membrane are repaired. 
Ester mediated uptake 
An alternative approach has been to use the acetoxymethyl ester 
derivatives of the BAPTA family indicators, for example Quin 2/AX, 
figure 1.2. The esterif led indicator is uncharged and permeant but once 
in the cytosol non-specific esterases hydrolyse the ester bond to 
release the free impermeant indicator to the cytosol ETsien 
et.aL,19821. Such 'ester loading' Is now a standard technique for 
introducing all the BAPTA family of Ca indicators to a range of 
culture animal cells [Rink and Pozzan,1985;Smith et.al.,19831. Ester 
loading does have its problems, mainly from the metabolically 
disruptive effects of the byproducts of acetoxymethyl ester hydrolysis 
or from the Ca- buffering by the indicators within the cell [Rink and 
Pozzan,19851. However, the technique is relatively simple to apply and, 
iu animal cells at least, widely applicable and effective. An analogous 
technique of intracellular fluorescein accumulation through uptake of 
fluorescein diacetate is applicable to many plant systems 
[Larkin,1976]. Ester loading has proved effective in introducing the 
indicator Quin 2 to the cytoplasm of rhizoids of L serratus, 
Heamanthus endosperm cells and pollen tubes (though in these latter two 
cases no attempt to quantify a Ca 2 level from the fluorescence was 
attempted and there is some contradictory data [Cork,198a,b]). In most 
plant systems, however, ester loading has not been successful [Cork, 
1986a,b;Wolniak and Bart,19851. 
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SUMXARY 
To summarise then, the available data suggest that in plants, as 
in animals, cytoplasmic free Ca is maintained at <10M. Changes in 
this level, possi.bly mediated through association with calmodulin or 
other Ca-binding proteins, are involved in the regulation of such 
diverse physiological processes as cytoplasmic streaming, mitosis and 
secretion. Plant cells poess the elements of a Ca regulatory system 
that can be modulated by developmentally important stimuli and much 
indirect evidence suggests such stimuli and physiological processes are 
accompanied by a change in cytoplasmic free Ca 	levels. However, 
except in a few cases, direct measurement of these Ca 	level changes 
has not been possible. The following investigation describes 	the 
development of a method to quantify free cytoplasmic Ca 	levels in 
populations of higher plant cell protoplasts 	using both the Ca- 
sensitive photoprotein, aequorin, and the BAPTA family of Ca 
indicating dyes. Measurement of cytoplasmic Cal' levels with these 
indicators shows that the Ca 	regulatory system, 'Ca-stat', is 
highly efficient at maintaining basal cytoplasmic Ca at lOM but may 
a 
be modulted by calniodulin. 
2 leg 
MATERIALS AND METHODS 
2 
Unless stated otherwise chemicals were of analytical grade, supplied 
either by BDH Chemical Co. (Poole, Dorset, U.K.) or Sigma London 
Chemical Co. (Poole, Dorset, U.K.). 
Agar - Oxoid Ltd., London, U.K. 
Rliozyme HP140 - Genencor inc.,Cornlng, New York, U.S.A 
Driselase - Fluorchem Ltd., Glossop, Derbyshire, U.K. 
Neicelase P, Cellulase Rio, Macerozyme RiO - Yakult Pharmaceutical Co, 
Nishinomiya ,Japan. 
Radioisotopes were obtained from Amersham Radlochemicals (Amersham, 
Bucks., U.K.). [G-H]Quin 2/AN was as a solution in DMSO, 6.9mCi/mMol, 
stored at -20C. I-calmodulin, 25000 cpm ig 1 , was a gift from Mr 
M.Coilinge, prepared as in Richman and Klee (1978). 
Centrifuges 
Mistral LR4 and Mistral 4L - MSE, Manor Royal, Crawley, U.K. 
Gene-pulser - BioRad, Richmond, California, U.S.A. 
Gilson model 302 - Gilson, Villiers le bel, France. 
Zorbax GF 250 - DuPont Wilmington, Delaware, U.S.A. 
Kontron - Kontron instruments Ltd., Herts., U.K. 
Merck gel F2,.A - Merck, Darmstadt, FRG. 
z1 
j2H meter 
EIL model 7010 - Mackay and Lynn Ltd., Edinburgh, U.K. 
Sonicator 
Soniprep - MSE, Manor Royal, Crawley, U.K. 
Fluorimeters 
Baird Nova 2 - Baird Atomic Ltd., Braintree, Essex, U.K. 
LS-5B - Perkin Elmer Ltd., Beaconsfield, Buckinghamshire, U.K. 
Spectrophotometer 
SP8-100 Ultraviolet spectrophotometer - Pye Unicam Ltd., Cambridge, 
Cambridgeshire, U.K. 
N1(R Spectrometer 
Bruker CXP-300 - Bruker Analytik GMBH, Rheinstetten, FRG. 
Fluorescence Microscope 
Ortholux II with Ploemopak Fluorescence Illuminator - Ernst Leitz 
Ltd., Wetzlar, FRG. 
Filters 
Glass fiber C - Whatman Ltd., Maidstone, Kent, U.K. 
Cellulose fiber 0.22.im - Anderman & Co. Ltd., Kingston-upon-Thames, 
Surrey, U.K. 
Photographic Film 
Line figures - Kodalith ortholith film type 3, Eastman Kodak Ltd., 
Rochester, New York, USA. 
Light and fluorescence micrographs - Ilford HPS, 400 ASA, Ilford Ltd., 
Mobberley, Cheshire, U.K. 
Cell Cultures 
Cell suspension cultures were initiated from freshly derived callus 
from inesophyll explants of 	Petunia hvbrida as in Power et.al .(1984. 
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Suspension cultures of Flaeis guineensis (oil palm) and Daucus carota were 
donated by Unilever Research and maintained as in Hughes et.ai. (1983) and 
LLoyd et.al . (1980) respectively. The suspension culture of fl... carota was 
initiated from tuber explants and has been in culture for over 5 years. 
Protoplasts from the leaves of 40-50 day old greenhouse grown plants 
of Petunia hybrida L. cv mitchell and Nicotiana tabacuni L. cv. wisconsin 38 
were prepared as in Power et.al .(1984). Mesophyll protoplasts of L vulgare 
were prepared by Xr.J. Owen as in Power et.al .(1984). 
Kung bean root tip protoplasts 
Protoplasts from the apical 2-5mm of the roots of mung bean (Phaseolus 
aureus) were prepared as in Xu et.al . (1981). 
Protoplasts were prepared from suspension cultured cells which were 
washed once (sedimented 250xg, 5 minutes with resuspension to fresh medium) 
in culture medium supplemented with 250mM sorbitol and then digested for 2-
3 hours in the plasniolysis solution supplemented with 2%(w/v) Driselase and 
1%(w/v) Rhozyme HP140. The protoplasts released over this period were 
sediinented, SOxg for 10 minutes and resuspended to l0ml in fresh growth 
medium. Cells 6-8 days after subculture (mid culture cycle) proved optimum 
for both protoplast isolation and electroporation (see below), All protoplast 
suspensions used showed >80% initial viability as assesed by FDA staining 
(Larkin, 19761. Unless stated otherwise, protoplasts of carota were used 
throughout this investigation. 
Permeabilisation Assay 
Protoplast perineabilisation and resealing were assessed by the loss and 
reattainnient of the ability to exclude ethidium bromide (0.01%(w/v) aqueous 
solution) for 1-2 minutes, conditions as in Mehrle et. al. (1985). In 
unpermeabilised protoplasts ethidium bromide uptake and fluorescence (on 
binding nucleic acid) took 10 minutes, on permeabilisation it was 
instantaneous. 
F luorimetric Assays 
The calculation of [Ca 2 ] from Quin 2 fluorescence was made according 
to Tsien et.al . (1982) assuming lmX intracellular Xg, pH 7.1 and Ca-Quin 
2 Kd of 115nN. 
Protoplast Quin 2 content was estimated by comparison of Ca-
saturated Quin 2 fluorescence from loaded protoplasts after iysis (0.5%(v/v) 
Triton X-100,1mN Ca) or addition of Ca- ionophore (lx10M A23187 or 
ionoinycin) to that of a known [Quin 21 under equivalent conditions. 2.5x10 
X Ca-DTPA was added to chelate any Quin 2 quenching ions released on lysis 
or Ionophore treatment [Rink and Pozzan, 19851. Both methods gave equivalent 
Quin 2-Ca 	calibrations and so Triton induced lysis was used in the 
majority of the experiments reported. 
AT? content was measured using the AT? dependent firefly 
bioluminescence assay [Pozzan et.al.,19801. Assays contained 1x10g 
luciferin/luciferase reagent (Sigma) and sample suitably diluted to lml with 
0.5%(w/v)BSA, 0.05%(w/v) NaL, 1mM Xg 	and 25mM Iris (adjusted to p117.2 
with iN HCL). The initial rate of decay of luminescence was compared with 
that of AT? standards in a Baird Nova spectrofluorimeter configured for 
bioluminescence measurement, emission wavelength 550nm, slit 20nm. 
Column Chromatography 
Gel exclusion chromatography was performed with a standard grade GlOO 
Sephadex column ( dimensions: 120mm x 15mm). The column was run in 
0.02%(w/v) NaN, 50mM KHP0 (pH7.0 with iN KOH) at 6ml hour' and 260l 
samples continuosly collected for assay. Blue dextran 2000 and 5-
carboxyfluorescein (5FC) were used to assess void (6.2ml) and total elution 






















HPLG analysis was performed with a Gilson model 302 HPLC using a 
Dupont Zorbax GF250 chromatography column (dimensions: 250mm x 9.4mm). The 
column was run in 50m1( K16PO, 5m1 EDTA (pH7.1 with 11 HC1) at lml minute' 
with collection of 500il samples. The void volume, assessed with NaH3, was 
19 .46m1. 
5 10 	15 20 25 30 35 40 
Fraction Number 
Figure Li 	Protein level (A290), upper, and luminescence, 
lower, of 5x10 41 }IPLC fractions of 1x10 4g crude aequorin. 
Preparation and detection of aeuuorin 
Crude aeQuorin (Sigma type III. approximately 10% protein) was found to 
contain several protein species when analysed by HPLC, figure Li. Active 
aequorin was separated from these contaminants by passage through the 
HPLC, Figure Xi. The aequorin fraction, which contained the maximal light 
emission activity, was collected and stored at -80C prior to use. Aequorin 
luminescence was measured in a Kontron scintillation counter with 
coincidence filter off and detection windows fully open. A variable delay in 
the initiation of luminescence detection induced by the scintillation counter 
made measurement of initial luminescence intensity or rate of decay 
inaccurate. Therefore aequorin luminescence measurements were made after any 
initial, intense aequorin lumimnescence transients had decayed. 
Protein Estimation 
Measurement of protein content was performed as in Bearden (1978). 
Assays contained 0,5m1 of suitably diluted sample and 05m1 of Bearden's 
reagent. Absorbance was measured at 595nm in a Pyc Unicam SP8-100 
Ultraviolet Spectrophotometer and compared with that of BSA standards 
Enzyme Assays 
PEP carboxylase was assayed as in Wong and Davies (1973) with the 
following modifications: the reaction mixture, total volume 3ml. contained a 
suitably diluted sample and (mM) 50 glycylglvcine, 2.4 KHCO, 3.8 KgCl.,0.14 
NADH, 10 units malate dehydrogenase, pH7.8 with lN HC1 and was started by 
the addition of 0.5 Phosphoenolpyruvate. Fumarase activity was assayed 
essentially as in Hall and Moore (1983) on suitably diluted samples by the 
appearance of fumarate, monitored by the change in A4c, in 3ml of a 
reaction mixture of 35mM NaHPO4/NaHPO buffer, pH 7.7 with lii HC1. The 
reaction was started with 8mM malate. Control activities were assessed on 
identical but boiled samples. 
29 
Vacuoles were isolated from D, carota protonlasts essentially as in 
[Kringstad et.al.,19803. Protoplasts were prepared in plasmolysis medium 
supplemented to 500mX sorbitol. After isolation protoplasts were resuspended 
to 2xl0'ml in: 250mM sorbitol, 5mM EGTA and 25mM Tris HCI at pH8.0, and 
stirred (30 r.p.m. with magnetic stirrer) at 4''C for 15 minutes. The lysed 
protoplasts were passed through a 20m nylon mesh and the filtrate spun 
at 3000xg for 120 minutes at 4'C, through a 2,5,5,7.5%(w/v) discontinuous 
Ficoll gradient made up in 250mM sorbitol, 25mM Tris HCI pH8.0. Vacuoles 
were collected at the 2.5%/5% Ficoll interface. Organelles, unlysed 
protoplasts and protoplast debris collected in the pellet. Vacuoles were 
fluorescently visualised after 16 hour preincubation of cells in 0.5%(w/v) 
50F prior to protoplast isolation IKanchanapoom and Boss, 1986). 5CF loaded 
protop lasts /vacuoles were viewed under the fluorescent microscope, conditions 
as for fluorescein [Xehrle et.al .. 19861. Approximate vacuolar yield (20%" was 
assessed by comparison of total protoplast 5CF fluorescence (142 units) 
measured on a suitably diluted sample in the spectrouluorimeter (excitation 
490nm, emission 550nm, slits lOnm) to that of the isolated vacuolar 
preparation (28 units). 
Uptake of 3H-Quin 2 by isolated vacuoles and crude organdies was 
performed on the vacuolar and pellet fractions isolated as above. 2x10' 1 of 
each fraction was incubated with 22000 cpm of H-Quin 2 and samples 
removed, washed 3x on Whatman GF-C filters with 2.5xl0'M sorbitol and 
ixlO M uir 2 and the filters counted by liquid scintillation. Uptake was 
corrected for 56% breakage of vacuoles on the filter as assessed by the 
ratio of 5CF fluoresecnce from the vacuolar fraction from 5CF loaded 
protoplasts (138 fluorescence units" to that in the filter washings (78 
fluorescence units). EGTA replaced the Quin 2 in the washing medium as Quin 
2 intefered with the SCF fluorescence estimation. 
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H-'uin 
lxlO -Ci of -H]Quin 2/AX 6.9x1O-Ui(Ci  iuXoi 	was incubated with 2m1 
of cells of 	carota for 150 minutes 26C, 120r.p.m shaking, after which 
Quin 2/AM hydrolysis to free Quin 2 was complete, as assessed by the change 
in fluorescence spectrum from that characteristic of the ester to that of 
uin 2 [Tsien et.a1., 19823. All further manipulations were performed at 4C. 
Cells were sedimerited (SOOxg, 5 minutes) and the supernatant filtered 
(Vhatmaii No.1) and separated by thin layer chromatography (Merck gel 60 
silica plates, solvent system 9:1 chloroform:methanol, Quin 2/AX r.f. 
0,95. Quin 2 r.f. 0.05 ). The equivalent region to that migrated to by pure 
Quin 2, visualised under fluorescent illuminationwas scraped and eluted for 
4 hours, in 10mM CaC1:.. The silica slurry formed was sedimented (3000xg, 30 
minutes) and the supernatant filtered (Whatman No.1). The resulting 2m! of 
clear filtrate ({ H]Quin 2' was stored at 41C and contained 67127 cnm/ml. No 
contaminating Quin 2/AM could be detected by liquid scintillation counting 
regions scraDed from TLC plates loaded with the purified-H-Quin 2 and 
chromatogramed as above. 
Scintillation Counting 
All scintillation counting was performed with suitable volumes of 
sample added to 5m1 of scintillant: 2:1 Toluene:Tritoni X-lOO with 0.7%(w/v' 
butvl-PBD (2,4'-tert,-Butylpbeny1)-5-(4"biphenVi'l,3,4,oxidiaZOie). 
The protoplast sample was packed (lxg, 15 minutes) to 2-3m1 racked 
volume into a dialysis bag (20mm x 40mm) 	in a 20mm external diameter NXR 
tube. 	The preparation was perfused with fresh, aerated 	growth medium US1II 
eauiDnient 	essentially 	as in 	tHughes 	et.al .. 	1933. 	1 "FNXR spectra were 
accumulated over 	30-1080 	minutes 	under acquisition 	conditions as 	in Smith 
et.ai,'11933. 	Soectrometer configuration, 	shimmying 	arid 	operation was 





As highlighted in the general introduction, a practical limitation to 
the application of techniques to measure cytoplasmic Ca 	levels in higher 
plant cells has been the lack of a generally applicable method to load a 
Ca 	sensor into the cytoplasm. However, the recently developed, 
selective fluorescent fluorescent indicators developed by Tsien (1980), such as Quin 2 
or Fura 2, have been successfully used to measure intracellular Ca2 levels 
in cultured animal cells [Tsien et.al .,1985;Rink and Pozzan,19851 and 
recently in some plant systems: Haemanthus endosperm cells (Keith et.al ., 
19851; Zygotes of . serratus [Brownlee and Wood,19861; and Pollen Tubes 
[Reiss and Nobiling ,19861, Quin 2 permeates to the cytosol as its 
uncharged tetraacetoxymethyl ester, Quin 2/AX, where esterases remove the 
ester groups. The charged, impermeant indicator is therefore released to the 
cytosol to report free Ca 2 levels. However in agreement with the recently 
published reports of Gilroy et.al (1986), Cork (1986a,b) and Wolniak and 
Hart (1985) it was found that Quin 2/AM hydrolysis was exclusively 
extracellular. Attempts to inhibit the extracellular hydrolases responsible 
and investigation of a range of techniques successfully applied to other 
animal and plant systems for the uptake of impermeant substances proved 
generally unsuccessful. 
2 
Unless stated otherwise all investigations reported in this chapter 
were repeated on mesophyll protoplasts of L tabacum, L hvbrida and 
suspension culture cells of E guineensis and ? hvbrida. Quin 2/AM 
33 
hydrolysis to Quit 2 was followed by the change in fluorescence spectrum 
from that of the ester to that of the free indicator [Tsien et.al.,1982). All 
the systems examined converted Quit 2/AM to Quit 2 but in all cases the 
fluorescence of the Quit 2 so produced was reduced 95-98% by washing 3 
times in 50 volumes of fresh medium and was immediately abolished by the 
addition of 2xlOM Mn a potent. impermeant Quit 2 fluorescence quenching 
ion [Hesketh et.al ., 19831. In all subsequent investigations such sensitivity 
to washing and Mn was taken as evidence of the extracellular location of 
the indicator. Thus Quit 2/AM hydrolysis was wholly extracellular even when 
possible cell wall bound esterases were removed by the use of protoplasts. 
In animal systems up to 60% extracellular hydrolysis is not unknown [Rink 
and Pozzan,1985) , but 1-3xl0M Quin 2/AM is generally sufficient to 
saturate the extracellular hydrolases. However, 2.5xl0M Quit 2/AM (close 
to its solubility limit in aqueous solution) or prolonged maintenance of the 
[Quit 2/AM) gradient, 2x10 -1K Quit 2/AM added every 30 minutes for 7 hours, 
did not allow intracellular accumulation of Quit 2. 
Similarly methods to selectively inhibit the external esterase activity, 
table 1.1, proved unsuccessful. 
5FBAPTA is a member of the same family of indicators as Quin 2 but 
once accumulated by the cells is detectable by 'F-Nuclear Magnetic 
Resonance (NMR) (Smith et.al.,19831. 5FBAPTA has a slightly different 
structure to Quit 2 and so was potentially not a substrate for the 
extracellular esterase(s). On incubation with L tabacum protoplasts for up 
to 24 hours no 1  FNMR signal was detectable (not shown). This probably 
reflected extracellular hydrolysis of the ester. 




incubation conditions 	Time prior to addition of 
1xlO 4 M Quin 2/AM (minutes) 
Trvpsin 0.05-0.1% (w/v) 	 5-25 
pH 2-10 	 5-25 
Temperature 4,10,26CC 	 5 
Eserine 1 1-50x10M 	 0-5 
Eserine is a potent esterase inhibitor [Gambhir and Das,19801 
Table 1.1 	Treatments to selectively inhibit external esterase activity. 
Treatments were continued during Quin 2/AM incubation except for eserine 
which was washed from the cells or protoplasts prior to Quin 2/AM addition 
by centrifuging the cells or protoplasts (200xg, 10 minutes) through a 
10,15,20% (w/v) or 5,8,20% (w/v) sucrose density gradient respectively. 
General Approach 	 Incubation conditions 
permeation of Quin 2 
	
5x10 	- 5xl0M Quin 2 
Permeation through 
modulation of charge 
on Quin 2 
1-50x10X Quin 2 at: 
pH 2-10, 
0-5xl0 M CaCl 
Delivery by fusion 
	1:1 lecithin: cholesterol liposoines' 
of Quin 2 containing 	encapsulating lxl0M Quin 2 under 
1 iposomes 	 a variety of fusion conditions 
'prepared as in Fraley et.al .,(1982) 
mesophyll protoplasts of N,tabacum and L hybrida were Incubated 
with quin 2 liposomes under fusion conditions successfully used by 
Fraley et.al .(1982), Lurquln (1979) or tJchimaya (1981). 
Table 1.2 	Methods for the uptake of free Quin 2. 
1cI 
General method 
	 conditions 	 reference 
membrane destabilisation 
	incubation with 5mM EGTA 
	
Morgan et.al . 
by Ca chelation 	 reversed with 10mM CaCU (1984) 
endocytotic uptake 	 incubation in Quin 2 +or- 	Hilimer et.al . 
2.5% PEG (to aid membrane (1986) 
fusion) 
mild sonication 	 sonication for 1-10 seconds 
,14m probe oscillation 
centrifugation 
osmotic swelling and 
shrinkage 
1-15 minutes,25-200xg 
up to 5 cycles, 10 minutes 
in 1 .5xnormal osinoticuni (750 
mM mannitol) followed by 0,75x, 
+or- 2.5% PEG (to aid membrane 
fusion or vesiculation) 
short intense electric 	1-2 d.c. pulses at 4C of 	Zachrisson and 
shock, 'electroporation'' 20-50 isecond duration 	Bornman (1986) 
see also following chapters. 
Table 1.3 	Methods to reversibly permeabilise the plasmalemma of 
mesophyll prootplasts of N.tabacum and E.. liybrida. Whilst permeabilised 
20mM Quin 2 was added. 
A variety of methods to induce the permeation of free Quin 2 ,table 1.2. 
or its uptake through reversible disruption of the plasmalemma were 
exhaustively Investigated, table 1.3. Of these only electrically induced 
membrane breakdown, electroporation, has proved successful in allowing the 
uptake of fluorescently measureable levels of Quin 2 into protoplasts. 
1.4 Summary 
The ester mediated method of impermeant Ca-indicator uptake proved 
inapplicable to any of the plant systems investigated. A highly active 
external esterase activity associated with both the protoplast and cell 
surface hydrolysed the ester to the extracellular medium. Attempts to 
saturate or inhibit this activity proved unsuccessful and therefore 
alternatives to the ester mediated method of indicator uptake were 
investigated. 
Uptake of the free indicator, Quin 2, was not detectable even when the 
target cells or protoplasts were pH shocked or the charge on the Quin 2 
molecule was varied. Uptake by fusion of Quin 2 containing liposomes or 
through reversible disruption of the plasmalemma was generally equally 
unsuccessful. The above methods may have permitted entry of small amounts 
of the indicator which was not detectable above the protoplast 
autofluorescence. However, fluorescently detectable uptake of Quin 2 has 
been observed with plant cell protoplasts which have been reversibly 
permeabilised by a short (<lxlO second), high voltage (>1xlO volt crrf'), 
electrical pulse, ' electroporation'. The characterisation and application of 
this technique forms the basis of the rest of this investigation. 
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WIM 
CHAPTEE 2 	ELE(-TROPORAT ION 
2.1 Introduction 
Electroporation is a reversible membrane permeabilisation procedure 
involving the application of one, or several, high voltage 010V cm - ') dc 
pulses of 1-100x10 second duration [Zachrisson and Bornman,19863. Pulses 
longer than l x lO_d second are usually cytotoxic whereas shorter pulses, at 
supercritical field strengths, cause localised plasmalemma breakdown to 
form pores [Zimmermann et.al .,1984; Zachrisson and Bornman,1986]. The pores 
reseal in a temperature dependent manner, at 4"C taking >10 minutes, at 
30C considerably less (Zimmermann et.al ., 19841. The procedure appears to 
be non-disruptive of long term cell function, electroporated protoplasts 
going on to divide and even regenerate plants just as efficiently as 
unelectroporated controls [Langridge et al. ,1985; Fromm et .al ,1985]. 
Reversible pore formation at the plasmalemma provides access for 
normally impermearit molecules to the cell interior. These molecules can 
diffuse into the cell whilst pores are held open, at low temperature, and 
are then trapped intracellularly when the pores reseal. This method 
provides the basis of procedures for the uptake of nucleic acid, enzymes, 
drugs and dyes by both plant protoplasts and animal cells [Fromm et.al . 
1985;Zachrisson and Bornman,198;Zimmermann et.al.,1976;Nehrle et.al,,19853. 
This chapter describes the characterisation of the electropermeabilisation 
and pore resealing processes and the suitability of the technique for 
uptake of the [Ca 2 ]-indicating photoprotein aequorin and fluorescent dye, 
Quin 2. 
2.2 Frotoplast Permeabilisatiou 
2.21 Effect of pulse characteristics 
Electrically induced protoplast permeabilisation, as assessed by 
ethidium bromide uptake, was seen to occur in all protoplast systems 
studied: root protoplasts of L aureus, suspension cell protoplasts of D L 
carota and mesophyll protoplasts of IL vulgare. The extent of 
perineabilisation increased with increasing severity of the permeabilising 
procedure rising with pulse length, field strength and pulse number, figure 
2.1. The potential across the plasmalemma induced by the applied electric 
field has been described by the integrated LaPlace equation [Zimmermann 
et.al., 1984]: 
V1.5ea 	where 	eapplied field strength. 
aprotoplast diameter. 
Vinduced membrane potential. 
Membrane breakdown should occur at Vrr2 volt (marked t in figure 2.1) 
[Zimmermann et .al., 19841. However, permeabil isation required substantially 
higher field strengths, figure 2.1. This increase in threshold may reflect 
a requirement for extensive pore formation to be visible in the 
permeabilisation assay; or an incomplete description of the membrane 
breakdown process by this current theory which does not allow for the 
complex non-homogeneous lipid/protein nature of biological membranes. 
2.22 Electropore size 
Electroporation of DL carota protoplasts allowed the uptake of 
fluorescently labelled dextrans to levels detectable by fluorimetry, figure 
2.2. No dextran uptake was observed in protoplasts exposed to pulses 
insufficient to permeabilise, compare figure 2.1 & 2.2. On application of 
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Figure 2.1 	Effect of electropermeabilising pulse intensity 
and number on the permeabilisation of protoplasts of 
carota. Protoplasts were permeabilised with (a) a single pulse 
of varying intensity and duration or (b) varying number of 
pulses at 2x10_s seconds 	 . Background permeability 
was 17±9% and has been subtracted from each point. Data 
represents mean±Standard Error of the Mean (SEM),n>,3. 
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Figure 2.2 	Effect of molecular size on uptake by 
electroperabi1jsed protoplasts of DL. carota. Protoplasts 
were perineabilised and resealed as for Quin 2 uptake but 
replacing the Quin 2 with 2x10 -2M mixture of 4000,9000,42000 
and 71000 Kr FITC-dextrans. The washed protoplasts were then 
lysed (0. l%(v/v) Triton X-100) and the dextrans taken up 
separated by gel exclusion chromatography (Sephadex G-100 
column) and fractions analysed for fluorescence, excitation 
490nm, emission 50nm, slits 20nm. Fractions corresponding to 
dextrans of varying Mr were assigned by comparison with the 
fraction profile of the standards. 
protoplasts. This threshold was independent of the severity of the 
permeabilising pulse figure 2.2. The failure to take up larger Mr dextrans 
could reflect the slower diffusion of the larger molecules into the pores. 
However, this is less likely as a systematic reduction in the fluorescence 
of taken up dextran with increasing Mr was not observed. The increase in 
taken up fluorescence with Mr of dextran is in line with the increasing 
specific fluorescence (units of fluorscence/mole) of the dextrans: 1:3:17:43 
for 4000:9000:42000:71000 Mr dextrans. Therefore the failure to take up 
71000 Da dextrans probably reflects a limitation due to electropore size. 
42000 Da dextrans have a diameter of =2 to 6 nm (Sowers and Lieber,19861 
which argues for a pore of approximately this size. This agrees with 
investigations using animal cells, under various electroporation conditions, 
which found electropore diameters of >8.4nm [Sowers and Leiber, 19861 or 
4nm [Knight and Scrutton, 1986;Benz and Zimmermann, 19811. 
Thus in the plant protoplast system studied uptake of solutes up to 
42000 Da Mr should be possible through electropores (Quin 2 has a Mr of 
541, aequorin 20000-22000 Da). 
2.3 Protoplast Resealing 
2.31 Effect of pulse characteristics 
Once pernieabilised the protoplast plasmalemma was seen to reseal. The 
extent to which this occurred was dependent on the severity of the original 
permeabilising pulse(s). The longer the pulse the greater the extent of 
permeabilisation but also, above a threshold, the less the ability to 
recover full plasmalemma integrity, figure 2.3. Benz and Zimmerman (1981) 
reported that the resealing time of artificial lipid bilayers increased with 
increasing electroporating pulse intensity. It was proposed that the longer 
pulses either caused larger electropores to form (but see section 2.22 














































































































































































































































































resealing. In this investigation the optimal combination of field 
strength/pulse duration for permeabilisation/resealing was arbitrarily 
chosen as the least severe causing >70% permeabilisation with >50% 
resealing, Table 2.1. 
2.32 Effect of temperature 
The extent of resealing was dependent on the temperature of the 
resealing incubation, being faster at higher temperatures, table 2.2. Normal 
cell culture temperature was 26C, and this was adopted as the resealing 
temperature. Therefore immediately after permeabilisation protoplasts were 
incubated at 4'C for 10 minutes, to maximise the Access of solutes to the 
protoplast interior, and then resealed at 26 - C. 
45 
Table 2.2 	Effect of temperature on the rate of resealing of protoplasts of 
DL carota electropermeabilised with a single 2x10 	second, 6KVcm 1 do 
pulse. After permeabilisation the 250mM sorbitol,pH7.1 (with iN KOH) 
electroporation medium was supplemented with (mX): KC1 20, MgSO4 1, ATP 1, 
0.1 KH2PO4, 2%(w/v) sucrose. Results represent niean±SEM, n3. 
2.33 Effect of electroporation medium 
The composition of the medium in which the protoplasts were 
perineabilised affected the extent of resealing in a species specific manner. 
aureus root protoplasts permeabilised in a medium of high ionic strength 
(to mimic the cytoplasmic ionic composition); 100mM KC1,20mM NaC1,lrnM 
MgSO4,100.iM K}2:PO4,pH 7.1 with 1N KOH, resealed, over 120 minutes, 77±15% 
permeabilised falling to 32±8% on resealing (n=6). Resealing of fl.. carota 
prothplasts was inhibited by inclusion of these ions in the electroporation 
rnediuni, perhaps due to an increased sensitivity of the carrot system to 
current flow in the media on pulse application. The 250mM sorbitol buffer 
used with the carota system represented minimal conductivity and hence 
current flow. It has also been noted that protoplasts from cultured cells 
are often less amenable to electromanipulation than those from fresh plant 
material [Templaar and Jones, 19851. 
After permeabilisation of 	carota protoplasts the 	medium was 
supplemented with 20mM KC1,lmN )tgSO4,liuN ATF,100!.IM KHF04 and 2%(w/v) 
sucrose to reduce leaching of cytoplasmic solutes during the resealing 
period. For H, vulgare mesophyll protoplasts permeabilisation conditions as 
for D carota were used, table 2.1. On resealing kk vulgare protoplast 
permeabilisation fell from 79% to 23% (n=2). 
In all cases inclusion of [Ca] at >109( in electroporation or 
resealing medium proved inhibitory to membrane resealing. This may be due 
to elevation of cytoplasmic Ca to cytotoxic levels whilst the protoplasts 
were permeabilised Eliepler and Wayne,19851. Therefore Ca 2 was omitted from 
pernieabilisatlon media. 5xlO 4 X Ca- was added on membrane resealing to 
stabilise the plasnialemma [Rincon and Hanson, 19861 and to allow normal 
Ca metabolism to recover prior to Ca level measurement, which was 
performed 30 minutes later. 
ProtopLasts are reported to show no adverse effects on cell viability 
of the electroporation and resealing procedure [Zimmermann et .al. ,1984 ;Fromm 
et.a1.,1986;Langridge et.al.,19853. Non-perturbation of cell function would 
be an essential criterion of the use of this method in a procedure for the 
measurement of free [C&- - 3 in the protoplast ix. i. To investigate this 
point further the effects of electroporation on protoplast viability and 
metabolism were studied. 
2,4 Electroporation induced perturbations 
2.41 Plating Efficiency 
The plating efficiency of electroporated 	carota protoplasts 
(21±6,n3) compared favourably with that of unelectroporated controls 
(28±9,n3). This is consistent with the view that electroporation is not 
disruptive of long term cell function [Langridge et.al ., 1985; Fromm et.al.. 
1986; Zimmermann et.al ., 19841, 
2.42 Membrane integrity and osmotic activity 
Resealed protoplasts showed FDA staining (retention of intracellular 
fluorescein) of 72±8% and ethidium bromide exclusion of 74±5% (n6) which 
are close to those of unelectroporated controls (80±5% and 83±6% 
respectively). Thus, in the short term, electroporation and resealing was 
not disruptive of plasmaleinma integrity. This would agree with the non-
disruption of membrane function on electroporation of squid axons [Benz 
and Conti, 19813 and though electroporation induced inhibition of 
erythrocyte plasmalemma Na !K' ATFase activity has been reported [Teissie 
and Tsong,19801 the interpretation of these results has been challenged 
[Zimmermann et.al . ,1984]. 
Electroporated and resealed protoplasts showed an increase in volume on 
reduction of the medium osmoticum, figure 2.4, and so had regained 
plasmalemnia semipermeability. Protoplasts that were electroporated but not 
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Figure 2. 4 	Change in L. carota protoplast diameter with 
osmotic strength of the medium (sorbitol concentration). 
Diameters were measured from negatives of light micrographs. 
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Figure 2.5 Effect of electroporation on D. carota protoplast 
AT? content. Protoplasts were permeabilised with a single 
2xl0 6second, 6xl0 3Vcm 1 dc pulse and resealed at 26 in (iWo 
250 sorbitol, 20 KC1, 1 XgSO,l 1CH2PO4, 27.(w/v) sucrose, 
pH7.1. Each point represents mean±SEX, n=3. Frotoplasts wer 
sictr000raed at 0 tine. 
reinforces the  data above showing that resealed protoplasts had regained 
plasma lemma integrity. 
However, the extent of the osmotically driven volume change was greater 
in electroporated protoplasts than unelectroporated controls, figure 2.4. 
Therefore electropermeabilisation may have induced a subtle rearrangement 
of cytoskeletal or membrane character causing the change in osmotic 
behaviour. It has been noted that animal cell membrane characteristics were 
changed by repeated application of d.c. pulses [Pilwat et,al,, 19811 and the 
cytoskeleton of mesophyll protoplasts of Avena sativa may be 'loosened' by 
the application of electric fields (Zimmermann et.al ., 19841. The precise 
nature of such changes and any potential effects on Ca 2 regulation are 
unknown. 
No electroporation induced leakage of protein to the medium of 
electroporated protoplasts could be detected 2.7x10 4 g protein/ml medium 
that had contained 10 electroporated protoplasts versus 2.1x10 4g in 
unelectroporated controls, total protein content was 3.5x1Og/10 7 
protoplasts. Such retention of cytoplasmic proteins has been noted in 
electroporated animal cells [Knight and Scrutton, 19861 and may reflect pore 
diameter or lifetime being too short to allow deteab1e levels of leakage. 
Alternatively, cytoplasmic proteins may be in a highly ordered environment 
[Luby-?helps et.al ., 19861 and so not free to diffuse from the cell. 
On the other hand ATP levels were seen to decline but then recover, 
over 15 minutes, figure 2.5, as the electropores resealed, figure 2,3. Thus 
low molecular weight solutes, such as ATP, are probably leached from the 
protoplast whilst the pores are open and in the case of AT? are recovered 
as the plasnialemma integrity is restored. However, a stimulation of AT? 
turnover would cause a similar reduction in ATP levein and cannot b 
distinguished from diffusive losses from the data presented. 
So the process of electroporation and resealing does not grossly 
affect the protoplast contents or metabolism as monitored by, the 
admittedly limited indicators of, protein leakage and total ATP levels. 
Leakage of ions, especially Ca, may disrupt normal cellular function of 
electroporated protoplasts. However, permeabilised animal cells have been 
demonstrated to maintain intracellular [Ca) at the levels found in intact 
cells(Tsunoda,1986] and the presence of putative cytosolic concentrations of 
other ions and AT? in the resealing medium should have reduced the extent 
of any diffusive losses. 
Therefore, apart from the indications 	from protoplast swelling, 
optimised electroporation seems non-disruptive of protoplast functions in 
both the short and long term and provides a suitable basis for a technique 
to load Quin 2 and aequorin into a fairly unperturbed protoplast system. 
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2.5 Summary 
Electroporation, reversible electrically induced membrane breakdown, 
allowed the perineabilisation and subsequent resealing of the plasmaleruma of 
protoplasts of D, carota, ?, aureus and LL vulgare. The pernieabilisation and 
resealing process was non-disruptive of protoplast function as assessed by 
maintenance of AT? and protein levels, ability to divide and regaining of 
plasinalemma integrity, though an electropernieabilisation induced change in 
membrane and/or cytoskeletal function was indicated. The nature of the 
permeabilisation and resealing processes are not well understood. The 
kinetics of electroperineabilisation did not fit the predictions of the 
current theories requiring substantially higher field strengths to induce 
permeabilisation and exhibiting a prolonged permeabilised period. 
Electropores remained stable for up to 60 minutes at 26C and allowed the 
uptake and intracellular trapping of dextrans up to 42000Da Mr, equivalent 
to an approximate pore size of 4-8nm. These pores are large enough to allow 
the Ca2 -indicating molecules Quin 2 and aequorin access to the cytosol. 
The Ca-selective fluorescent indicator, Quin 2, does not freely cross 
biological membranes and so is not taken up by cells (Rink and 
Pozzan,19851. However, the permeability barrier of the protoplast 
plasmalemma can be transiently overcome by the application of a short 
(<lxlO 4 second), intense 01x10 volt cm ), dc permeabilising pulse. 
Impermeant molecules can then diffuse into the protoplast cytoplasm and, 
providing the electroporatlon procedure has been optimised, the efctropores 
will spontaneously reseal (Chapter 2; Zimxnermannet.al.,1984]. This procedure 
provides a potential method for the intracellular uptake of Quin 2. 
After electroporatlon and resealing In lxlO 2M Quin 2 a fraction of 
the Quin 2 fluorescence became associated with protoplasts in a site 
resistant to bath washing and addition of 5xl0M Mn 2 , a patent quenching 
agent of Quin 2 fluorescence (Rink and Pozzan, 19851, figure 3.1 & 3.2. 
On addition of 1x109( A23187 or ionomycin, both divalent 
cationophores (Liu and Herman, 19781, the protoplast associated Quin 2 
became accessible to either I) extracellular Xn, which quenched its 
fluorescence, or ii) the Ca2 l in the medium, figure 3.3, the intracellular 
Ca level measured by Quin 2 then followed that of the medium , figure 3.4. 
Similar results were obtained when plasmalemma semi-permeability was 
impaired with detergent, 0.05% Triton X-100, figure 3.5. These results are 
consistent with an Intracellular location of the indicator which is 
therefore protected from Ionic changes In the medium by the plasmalemma. 
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Figure 3. i 	 aureus washed and +5x1O'M Xn: 
(A) loaded to 10 -9( Quin 2 by electroporation and resealing in ôxiOM 
QuIn 2; (B) as above but unelectroporated. micrographs xl000. 
Figure 3.2 	Fluorescence above autofluorescence of 10 
protoplasts of 	. carota 	loaded 	with Quin 	2 	by 
electroporation, washed and +2xiO 4 M Mn- ( ) or 10°ii 
Quin 2 at pH 7.0 (- - -). Similar spectra were obtained from 
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Figure 3.3 	Fluorescence above autofluoresceuce of lO 
protoplasts of ?. aureus loaded with Quin 2 with sequential 
addition of 2xlOX A23187 and SxlOM )(n2 (upper) or 5x10 3M 
EGTA and 6xlOX CaC12 (lower). lonophore was added from lxlO 
X stock in DSO. 
Transport of cations across the plasnialemma by the ionophore, or its 
disruption with detergent, will overcome this protection, as observed. The 
ionophore data also shows that the Quin 2 is in an intracellular site/state 
which is responsive to changes in [Ca] and this is confirmed by the 
responsiveness of intracellular Quin 2 to the reversible changes in 
intracellular [Ca] Induced by the chelation of extracellular Ca with 
EGTA and its reversal with excess Ca. Such a dependency of intracellular 
Ca levels on the Ca level of the medium has been observed by others 
(Brownlee and Wood,1986;Tsien et.al.,19851 and will be reported more fully in 
chapter 5. The unbound nature of a major fraction of the intracellular Quin 
2 was confirmed by the lack of a change in its fluorescence emission 
spectrum from that characteristic of Quin 2 free in solution [Tsien et.ai., 
19821, figure 3.2. 
3.22 Intracellular [Quin 21 
The Quin 2 'trapped' in the protoplasts by the electropration procedure 
represented, on average, 128±41xl0 1 Xol Quin 2110 	carota protoplasts 
(n=lO) or 800±230xl0 'Mol/10 	aureus protoplasts (n8). This represents 
an intracellular concentration of 10X assuming a mean protoplast volume 
of 0.5x10"l (IL carota, mean diameter 1xl0m) or 4x10-l'l (L aureus, 
mean diameter 2x10m ). Such uptake Is equivalent to a volume of medium 
of 1-2% of the protoplast volume, which is in agreement with the 5% found 
by others [J.Watts pers. commun.). At these levels Quin 2 fluorescence 
represented 10-50% of the total fluorsecence at 490n1( (the (Ca-'] 
measurement wavelength). 
Electroporation is thought to specifically permeabilise the 
plasmalexuma [Knight and Scrutton, 19861, Therefore, initially, Quin 2 only 
has access to the cytosol. Once in the cytosol of animal cells free Quin 2 
is rarely observed to cross organelle membranes [Rink and Pozzan, 19851. 
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Figure 3.4 	Ca2  level in protoplasts of D carota treated 
with lxlO- X ionomycin. Extracellular (Ca -) was set with lxlO-2N EGTA + Cad2 to give the appropriate free (Ca2 ]. Free (Ca 2-]  was calculated using a reiterative computer 












OD 	7 6 5 4 
pCa 
Figure 3.5 	Effect of 0.05% Triton X-100 on cytoplasmic Ca 2 
levels. Extracellular [Ca 2 ] was set with lxlO-X EGTA + CaC12 
to give the appropriate 	free (Ca]. Free [Cal] was 
calculated using a reiterative computer program. 	Ca is - 
logECa). Each point represents iuean±SEM, n=3. 
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to f- cumulate dyes thought to be specific for the animal cytonol e. 
car boxy fluorescein [Kanchangoom and Boss,1986]. Therefore the distribution 
of H-Quin 2 in isolated fractions from -H-Quin 2 loaded protoplasts of 
carota was assessed. 
Three fractions were isolated from 'H -Quin 2 loaded protoplasts of D.. 
carota: vacuoles, cytosol (supernatant) and a pellet of debris,organelles and 
unbroken protoplasts. Cross contamination between fractions was typically 
<5% as assessed by the distribution of marker enzyme or dyes. The markers 
used were: PEP carboxylase, for the cytosol [Wong and Davies,19731; 
fumarase, for mitochondria [Hall and Moore,19833 (taken as a typical 
organelle for the pellet). As the vacuolar marker a-mannosidase [Hall and 
Moore,19831 was not detectable in D carota protoplasts (not shown) a 
vacuolar accumulated fluorescent dye, 5-carboxyfluorescein was used 
[Kanchanagoon and Boss, 19861. However, the complete vacuolar specificity of 
uptake of this dye has not been proven and so vacuolar yield and cross 
contamination figures should be taken as approximations only. 
was 
Of the recovered Quin 2, 74.8%associated with the 'cytosolic' fraction, 
21.7% with the vacuoles and 3.5 7. with the pellet, Table 3.1 . The apparent 
uptake by the pellet constituents is consistent with the 4.3% vacuolar 
contamination of this fraction, Table 3.1, and animal organelles do not take 
up free Quin 2 [Rink and Pozzan, 1985; Tsien et.al ., 1982, Almers and 
Neher,19861. This view is further reinforced by the negligible association 
of Quin 2 with isolated pellet constituents after prolonged incubation with 
or without AT?, figure 3.6. Though approximately 75% of the Quin 2 does 
appear to remain in the cytosol (this fraction was contaminated by vacuolar 
contents) a significant proportion is associated with vacuoles, table 3.1. 
Quin 2 uptake was also observed with isolated vacuoles, figure 3.6, and the 
enhancement of uptake by AT? may indicate active transport across the 
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tonoplast, though binding to vacuolar membranes which are stabilised by ATP 
cannot be discounted. 
However, the contribution of vacuolar Quin 2 fluorescence to protoplast 
free [Ca-) measurement may not intefere with qualitative assessments of 
changes in the cytosolic concentration of the ion. The vacuole is thought to 
contain 0.1 - lOmM Ca' [Schumaker and Sze, 19851. Therefore any Quin 2 
within the vacuole would be Ca2 ' saturated and provide a continuous 
background fluorescence on which the cytosolic Quin 2 signal would be 
- Percent 	recovery of 
Fraction H-Quin2 PEP carboxylase Fuinarase 5CF 
activity activity activity fluorescence 
Supernatant 63.1 74.2 2.9 28.3 
Vacuoles 7.4 6.6 1.3 20.1 
pellet 2.5 0 59.0 4.3 
total protoplast 
	
content recovered 73.0 	 80.8 	 63.2 	52.7 
in these fractions 
total protoplast 
content recovered 90.0 	 87.1 	 71.8 	110.9 
in all fractions' 
1  supernatant,vacuoles,pe].let plus residual volumes of the Ficoll 
gradient used for the protoplast fractionation. 
Table 3.1 	The distribution of'H-Quin 2 in fractions from D carota 
protoplasts. 10' protoplasts were electroporated and resealed in lx10M 
Quin 2 + 76000cpm H-Quin 2. After washing 3 times with 2.5x10N 
sorbitol, 1x10'N Quin 2, pH7.0 (with lN KQH) the protoplasts contained: 
172 cpm IH-Quin 2, 0.04 absorbance units minute' PEP carboxylase activity, 
0.01 absorbance units minute funiarase activity and 142 units of 5CF 
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Figure 3.6 	Uptake of 3H-Quin 2 by isolated vacuoles + (0) or - (I) 
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Figure 3. 7 	Effect of pH on fluorescence of ixlOM Ca - -Quin 
2. pH was adjusted with O. IN HCL. 
superimposed. This prevents a direct quantitation of cytosolic Ca- levels 
from Quin 2 fluorescence. However, the Ca- level in the vacuole is unlikely 
to fall below the upper limit for Quin 2 saturation (10M [Tsien et.al ., 
1982)) and therefore vacuolar Ca dependent Quin 2 fluorescence is 
unlikely to change. So any observed changes in Quin 2 fluorescence and 
hence apparent Ca2 level, though quantitatively suspect, are still likely to 
reflect real cytosolic changes rather than some vacuolar artifact. This is 
especially true if these changes show an increase in apparent Ca- levels 
(as is seen in much of the data presented in the following chapters) which 
would be contrary to the electrochemical gradient for Ca 	that tends to 
move Ca 	from the vacuole. Also vacuolar Quin 2 may only contribute a 
minor element to the in. vivo Ca 	measurement signal. The Murashige and 
Skoog medium used in culture of D. carota contains (pm): 100 MnS0, 100 
FeSO, 30 ZnSO, 0.1 CuSO4, which if accumulated in the vacuole, as is 
likely [Kime et.al.,19821, would quench the vacuolar Quin 2 signal in 
protoplasts derived from these cells [Hesketh et.al.,1983]. Similarly low 
vacuolar pH [Hughes et.al ., 1983; Kime et.al ., 19821 would further reduce Quin 
2-Ca fluorescence, figure 3.7. Low yields of vacuoles made measurement of 
the fluorescence from isolated Quin 2 loaded vacuoles, the critical test of 
the vacuolar signal contribution, impracticable. 
Intracellular Quin 2, generally at 10-10 3X, has been reported to 
intefere with such processes as mitogenesis [Hesketh et.al.,19831 and 
inositol metabolism [Rink and Pozzan,19851 in cultured animal cells. These 
effects may be attributed to Ca 2 buffering by Quin 2 disrupting 
intracellular calcium levels [Ashley,1986) and should not be confused with 
side effects due to the Quin 2 ester loading method [Rink and Pozzan, 
19851 which do not concern us here. Therefore the extent to which the 
protoplast is perturbed by the introduction of 10' 1 M Quin 2 Into the 
protoplast cytoplasm was investigated. 
Loading D. carrota protoplasts with Quin 2 proved cytotoxic In the 
long term, plating efficiency at 7 days 0% compared with 21±6% in unloaded 
but electroporated and resealed controls. 
Immediately after the resealing incubation loaded protoplasts showed 
63±11% FDA staining and 71±9% exclusion of ethidium bromide compared with 
72±8% and 74±5% (n6) in unloaded controls. This indicated that Quin 2 did 
not seriously Impair plasmaleniina integrity in the short term. 
3.33 Osmotic swelling 
Quin 2 loaded protoplasts showed osmotically driven volume changes, 
figure 3.8. Therefore these protoplasts had regained plasinalemrna 
semipermeability on resealing. However, the electroporation induced 
'loosening' of the restraints on osmotic swelling, section 2.45, was more 
marked in protoplasts that had been loaded with Quin 2, figure 3.8. This 
may Indicate a Quin 2 induced disruption of Ca-dependent membrane and/or 
cytoskeletal function [Willlarnson,1984;1{argolis,1982] over and above that of 
the electroporation procedure. 
3.34 AT? levels  
The metabolic state of the Quin 2 loaded protoplasts was assessed by 
the total AT? content. In animal cells Quin 2 loading depressed total 
cellular AT? approximately 20% [Rink and Pozzan,1985; Tslen et.al ., 19821 
which was considered an acceptable perturbation. In the case of Quin 2 
loaded protoplasts AT? levels were seen to decline to 30% during the 
electropore resealing incubation, figure 3.9, and were 37% of unloaded but 
electroporated controls 20 minutes after resealed protoplasts were washed 
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Figure 3.8 	Change in protoplast diameter with changing 
osmotic strength (sorbitol concentration) of the medium. Each 
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Figure 3. 9 	Effect on total AT? levels in 	carota 
protoplasts of electroporation and resealing in lxlOi Quin 2 
or EGTA. AT? was omitted from the resealing cocktail. Quin 2 
did not intefere with the AT? assay. 
replaced the 10mM Quin 2 in the loading procedure, figure 3.9. Therefore the 
depressive effect on ATP levels seemed to relate to chelation of Ca- 2-  
perhaps through disruption of a Cal- regulated step in the metabolism of 
AT?, such as NAD isocitrate dehydrogenase, pyruvate dehydrogenase, 2 -
oxoglutarate dehydrogenase [McCormack and Denton, 19863 or external NADH 
dehydrogenase [Moore and Akerman, 19841. 
Thus Quin 2 loading does perturb the protoplast metabolism and the 
measured [Ca-] may well reflect this fact. However, in the short term, 
membrane function was less affected and as shown in chapter 5 these 
protoplasts do posess an effective Ca 2 regulatory system despite this Quin 
2 loading. 
In all the protoplast systems studied the cytoplasmic Ca- 	levels 
reported by Quin 2 were 10N, table 3.2. These levels agree with the 1-
4x10 7M reported in algal cells (measured with Ca selective 
nilcroelectrodes, aequorin and independently with Quin 2 [Miller and 
Sanders, 1987;Brownlee and Wood, 1986;Williamson and Ashley,1982]) and the 5-
50x10M in animal cells [Rink and Pozzan,19851. 
Protoplast 	Basal [Ca] 	Degree of vacuolation 
system 	 <nM) ( of protoplast volume) 
L. carota 361±47 (n30) 	 26 
F . aureus 	171±41 (n18) 50 
L vulgare 97±11 (n=2) 	 n.d. 
Table 3.2 	Apparent cytoplasmic free [Ca] measured in protoplasts loaded 
with Quin 2, 5xl0 4X extracellular Ca. Percentage vacuolation was 
calculated from the area occupied by vacuoles in representative electron 
micrographs prepared by Mr. D.Ferdinando. n.d.- not determined. 
Due to vacuolar accumulation of Quin 2 such protoplast cytoplasmic 
[Ca) measurements should only be viewed as a qualitative indication of 
cytoplasmic ion levels under the conditions of assay. Varying these 
conditions potentially introduces artifactual changes into the measured 
Ca2 levels. 
Reduction of extracellular osmoticum caused an apparent increase in 
the fluorescence of intracellular Quin 2 and therefore an apparent increase 
in intracellular Cal - levels, figure 3.10. However, protoplasts loaded with 
fluorescein, by FDA staining, or unloaded protoplasts suspended in lxl0X 
Quin 2 showed an equivalent change in fluorescence, figure 3.11a,b. 
Fluorescein fluorescence was not Ca2 dependent, figure 3.11a inset, and the 
extracellular Quin 2 was in a heavily Cal - buffered medium (1x10M Ca-
EGTA, free [Ca1 10M). Therefore these changes in fluorescent intensity 
were not due to changes in Ca fluxes but may be due to a reduction in 
light scattering as protoplast volume increased. In all subsequent Ca:-*' 
measurements the osmotic strength of the medium was held constant at 
2.5x10 1 M sorbitol, the osmotic strength inducing incipient plasmolysis of 
the protoplast of D. carota cells and therefore approximately at the 
osmotic strength of the cytoplasm of the cells iii. yjaQ. Therefore this 
artifact is likely to be of reduced importance. 
Even so, the degree to which this Quin 2 measurement system provides 
an insight into the functioning of the Ca regulatory system in the 
unperturbed protoplast required a cross check on the reported cytosolic 
Cal - levels using an independent indicator. The Ca2 -dependent photoprotein, 
aequorin, is sufficiently different to Quin 2 CThomas,19821 to be potentially 
usØable as just such a cross check and measurement of Ca- levels with this 



























Figure 3. 10 	Effect of osmotic strength of the medium on Quin 
2 fluorescence of Quin 2 loaded D carota protoplasts. Each 
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Figure 3.11 	Effect of osmotic strength of the medium on 
fluorescence of (A) 10 protoplasts intracellularly loaded 
with fluorescein by FDA staining (the Ca" independence of 
fluorescein fluorescence intensity is shown inset); (b) lO 
protopiasts with 1x1OM Quin 2. pCa is -1og(Ca-I and was set 
with 1x1O1( EGTA + appropriate CaC12 to give free [Ca] 
(calculated by reiterative computer program). 
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3.6 Summary 
Electroporatian and resealing in the presence of lxlOM Quin 2 
allowed the intracellular trapping of the indicator to 10"M in protoplasts 
of IL carota, E3. aureus and L vulgare. Once taken up 70% of the Quin 2 
remained in the protoplast cytosol to report the free Ca level in that 
cellular compartment. Though, vacuolar accumulation of up to 25% of the Quin 
2 made quantitative data on cytosolic C& levels subject to error the 
vacuolar ionic environment may have quenched Quin 2 fluorescence. Therefore 
vacuolar Quin 2 may not have contributed to changes in Quin 2 fluorescence, 
and hence Ca 	level estimations, which would therefore qualitatively 
reflect changes in Ca 	level in the cytoplasm. Quin 2 loading was 
demonstrated to perturb protoplst metabolism. However, in the short term, 
membrane integrity and function was maintained and so cytoplasmic Ca-
levels may reflect those in relatively unperturbed protoplasts. In all 
systems studied basal cytoplasmic free Ca- was measured at l0 7M, with 
5xl0 41( extracellular Ca. 
er 4 	c-- jeaeurement 'ith aeuoria 
4. 1 introduction 
Aeauorin is a protein kaporoximate Mr 2000ODa. that on binding 3 
to 4 Oa' emits a photon of light and is irreversibly inactivated. The 
rate of light emission is proportional to the [Ca--"I and can be 
calibrated to measure lOM to lOM Ca- [Thomas,1982]. Free aequorin 
is highly charged, p1 4.2-4.9, and impermeant [Thomas,19821. However, 
the molecule has been introduced to the cytoplasm of animal cells by 
reversible disruption of the piasmalema with EGTA [Morgan 
et. al. ,l984] or ATP 4 [Morgan and Morgan, 1982], by physical means 
[McNeil and Taylor,1961 and by microinection [Morgan and 
Morgan,19823. In plants only microinjection of giant agal cells has 
proved successful [Williamson and Ashley, 1982]. 
The physical properties of aequorin are sufficiently different to 
those of Quin 2 as to be unlikely to induce the same potential 
artifacts in Ca' level quantitation. Therefore it was decided to use 
aequorin as a cross check of the quantitative results obtained using 
Quin 2 taken up by electroporation. 
4.2 Aequorin uDtake 
4,21 Demonstration of aeguorin uptake 
protoplasts were electropermeabilised under identical 
conditions to those for Quin 2, table 2. 1, except that the 20mM 
sorbitol, pH 7.1 electroporation buffer was supplemen :ed with 5mM EDTA 
and aequorin equivalent to a total detectable photon count of lxi') 
After resealing and washing,as for Quin 2 loading, the protoplasts were 
assayed for luminescence. The orotopiast washing medium couained 
ixlO X Ca'' to discharge extracellular aequorin. 
A small burst of luminescence, declining to a steady level, 
occurred during the first 5-10 minutes of observation of aequorin 
loaded protoolasts, figure 4.1. Such an initial rapid aequorin usage 
may reflect an increased cytoplasmic Ca ..... level due to the loading 
procedure which is recovered from over 10 minutes. A similar but 
longer, 50 minutes, burst was noted by Williamson and Ashley (1982) on 
ruicroinjectian of aequorin into algal cells and attributed to a 
similar cause The steady luminescence level was used to assess basal 
cytoplasmic Ca levels. This stable luminescence level did not 
represent near total depletion of aequorin as light emission was 
increased on the application of the Ca ionophore. ionomycin,in a 
medium containing 5x10 4M Ca—, figure 4.1. This indicated the 
presence of intracellular active aequorin that was not exnosed to the 
high Ca of the medium until the ionophore was added to transport 
Ca- across the plasmalemaa. 
The charged protein nature of aequorin makes it unlikely that the 
indicator will permeate biological membranes. Also the structural 
differences between Quin 2 and aequorin makes it unlikely to 
undergo similar intracellular re local isations as observed for Quin 2 
'section 3.2). So as initial loading was through plasmalemmal 
electropores to the cytosol aequorin should remain in the ovtosol to 
indicate free cytoplasmic [Ca-]. However, this point requires further 
investigation using a protoplast fractionation procedure as applied to 
Quin 2, section 3.23. 
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Figure 4.1 	Luminescence of 10
8 protopiasts of D.  carot. 
loaded with aequorin by electroporatiOn and washed free of 
extracellular indicator. 
4.: 	aiiitatijn of aeauorin 	lite 
iY electroporated protopiasts trapped aeuuorin to a total of 
3x 10' - detectable photons. This almost certainly represents an 
underestimate of total indicator uptake due to inefficiency in light 
detection procedure and aequorin discharge during loading. 
Calmodulin shows homology with aequorin, Mr 13000 and 20000 and p1 
3.9-4.3 and 4.2-4.9 respectively [Klee. 1982; Thomas, 19823. Therefore 
I:I_ca1moduiin was used to quantify total uotake of aequorin like 
proteins, 	aequorin itself proving a poor substrate for the 
lactoperoxidase radiodination reaction [Richman and Klee,19783, data 
not shown. iO protoplasts electroporated in the presence of 1.7x10' 
cpm I.:ica1ou1in took up 1.1% of the total '-I-caimodu1in. Such 
uptake is quantitatively similar to that of Quin 2, section 3.22. 
4.3 Quantitation of Ca 	levels 
After measurement of the rate of light emission at the time of 
Ca level estimation (1) protoplasts were treated with 2x10 M 
lonomycin and lxlO - M EGTA. Cak-112 was then added to vary the 
extracellular Ca level and hence the intracellular Ca level 
through the ionophore. Cytoplasmic Ca-- level was assumed to be at 
that external {CaJ (set by the EGTA and CaCl) which gave an 
equivalent ratio of 1 to the total light emission from aequorin 
emitted when all the aequorin present at the time of measurement of 1 
was discharged by lxl0X Ca- (!max). figure 4.2. The internal 
calibration had the advantage of maintaining the ionic environment of 
the aequorin almost unchanged from that of the cytosol at the time of 
(Ca] measurement and hence the response to Ca- was more likely to 
reflect that of the indicator ja vivo. The ionophore used. ionomycin. 
is highly specific for Ca 	[Liu and Herman,1976] and so other ions 
are unlikely to be redistributed on its application, though Mg - 	will 






I qu 	'I 
pCa 
Figure 4.2 	The internal calibration of aequorin loaded protoplasts 
of fl.1.. carota. or explanation of the procedure see text, section 4.3. 








Figure 4.3 	The calibration of aequorin free in solution. Aequorin, 
equivalent to a total detectable photon count of 2xl0 was added to 
lx101 of buffer containing: 5xl0M KC1, lxlOM MgSO4, lxlO 1( 
KH2PO,lxlO1( ATP,lxlO 21( EGTA, adjusted to pH7.1 with iN ICOH. CaCl 
was then added to the appropriate free [Ca, calculated by 
reiterative computer program. 
lumirtes.:ence of aequorin is known to be modulated by changes in Xg 
level and so free intracellular [Mg--'] was assumed to be lxiOM and 
lxiO M free Mg -' was included in the medium during the calibration 
procedure. The response to Ca- 	of the intracellular aequorin wa 
similar but of slightly reduced sensitivity, to that of free 
aequorin in solution, compare figure 4.3 and 4.2. This may reflect the 
influence of variations in the composition of the cytosolic 
environment of aequorin compared with the buffer used with the free 
aequorin, see legend figure 4.3. Alternatively there may have been a 
balance set up between the protoplast Ca 	regulatory system and the 
Ca 	fluxes induced by the ionophore used in the internal calibration. 
Such a balance may have set an intracellular Ca-' level slightly 
different to that determined by the Ca-EGTA buffering in the medium. 
However, the similarity between the forms of the response of i/lmax to 
[Ca] of intracellular aequorin and that free in solution would 
suggest that the intracellular indicator was in a state responsive to 
the free [Ca]. 
Basal cytoplasmic free Ca - levels were determined by aequorin as 
72±4lxlOX, with 5xIO - IM extracellular Ca. This agrees fairly well 
with that found with Quin 2, 361±47nM (n30), table 3.2, and makes 
such measurements by Quin 2more reliable as a Qualitative indicat,Lor 
of cytoplasmic free Ca-a levels ja vivo. Agreement by such different 
indicators may also suggest that the perturbations induced by Quin 2 
loading , section 3.3, do not significantly disrupt the protoolast 
Ca regulatory system. To investigate this point further the degree 
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Figure 4.4 	The effect of electroporation in Ca--discharged aequorin 
on the total ATP levels of protoplasts of carota. Control 
protoplasts were electroparated in medium not containing aequorin. AT? 
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Figure 4,5 	Change in diameter of protoplasts of D. carota 
exposed to varying external osmoticum (sorbitol concentration) 
for 20 minutes. Each point represents mean±SEX, n>iOO. 
4.4 Aeouorin induced oerturbatiou 
4.41 AT? levels 
The luciferin/luciferase AT? assay used in this investigation was 
interfered with by the presence of the active aeuuorin in the loading 
incubation. Therefore the aequorin to be electroporated into the 
protoplasts was discharged by prior incubation with 5x10 X CaC1 for 
2 hours. After this period no Ca-' stimulated luminescene could be 
detected from the aequorin. The CaCl., which was inhibitory to 
electropore resealing (section 2.33) was then removed by passage 
through a ix10l column of Sephadex G25 equilibrated with 2.5x!0 M 
sorbitol and 5x10 -M EDTA and centrifuged at 3000xg for 15 minutes. 
Ca' discharged aeuorin can be regenerated to an active luminescent 
state under the appropriate conditions [Thomas,1982] and so may 
represent a close model for the action of the undischarged protein on 
protoplast metabolism. On electroporation with discharged aeouorin 
total protopiast AT? levels were observed to decline, over the 60 
minutes of the resealing incubation to 80% of electroporated but non 
aequorin loaded controls, figure 4.4. An equivalent fall in AT? levels 
has been noted, and considered acceptable, in Quin 2 loaded animal 
cells. So aequorin does not cause as extensive a disruption of plant 
protoplast metabolism as Quin 2, where AT? level; were depressed to 
37% (section 3.34). Therefore aequorin may provide an indication of 
basal cytoplasmic Ca levels in a metabolically fairly unperturbed 
protopiast system. 
.4.42 Osmotic swelling 
Protoplasts of 1 carota loaded with aequorin showed osmotically 
driven changes in volume, figure 4.5, indicating that, as with Quin 2 
(section 3.3), once the electropores were resealed the piasmalemna had 
regained its semi permeability. 
I 
No increase in osmotically driven volume changes over the 
previously 	noted electroporation 	induced 	"loosening" 	of 	the 
cytoskeleton 	section 2.3) was observed, figure 4.5. Therefore 
aequorin loading was less disruptive of protopiast structure than 
equivalent Quin 2 loading, where volume changes were enhanced, figure 
3.8. This probably reflects the negligible intracellular Ca 
buffering capacity of loaded aequorin compared with Quin 2 
Thomas, 1982; Ashley, 1986] 
4.5 Summary 
Eleetroporation allowed the intracellular uptake of the Ca 
indicating photoprotein, aequorin. Unlike Quin 2, aequorin loading 
did not depress total protoplast AT? levels and membrane integrity was 
maintained throughout the period of Ca- level measurement. Therefore 
the protoplast system was less perturbed than in the Quin 2 loaded 
system. Also aequorin and Quin 2 are sufficiently different molecules 
as to be unlikely to induce the same potential artifacts into the Ca--:' -  
measurement procedure. Therefore the agreement between Ca levels 
measured by aequorin (72±41M, n5) and Quin 2 (36l±47n1'l, n=30) make 
such estimations more reliable as reflections of cytoplasmic Ca 
levels ja viva. Such agreement may also indicate that the metabolic 
disruption caused by Quin 2 loading may not have significantly 
affected the protoplast Ca regulatory system. 
CHAPTER 5 The Protoplast Ca-v-Stat 
5.1 Introduction 
Cytoplasmic calcium becomes cytotoxic if maintained above 10M [Hepler 
and Vayne,19851. Therefore the plant cell would be expected to keep 
cytoplasmic free calcium below this level, despite the extracellular fluid 
and organelles containing Ca - >lOM [Moore and Akerman,19841. Indeed in 
animal cells cytosolic Ca-1- has been shown to be 0.5-5x10 7M, dependent on 
the system studied [Smith et.al .,1983; Hesketh et.al .,1983; Rink and 
Pozzan,19851, and in the few studies on plants, exclusively algae, similar 
results have been obtained [Williamson and Ashley, 1982;Brownlee and Wood, 
1986;Miller and Sanders,19871. However, technical problems have generally 
precluded such measurements in the higher plant [chapter 1, Gilroy 
et.al .,1986 ;Cork 1986a,b;Sanders and !1iller,19861. 
Thus the interaction, in. yJ.y, of the putative elements of the higher 
plant Ca-' regulatory systemaand, apart from the measurements reported in 
the previous two chapters, the basal Ca-' level these elements maintain is 
unknown. Therefore plant cell protoplasts were loaded with Quin 2 by 
electroporation and the Ca homeostatic system investigated. 
5,2 Ca Regulation and the Protoplast Ionic Environment 
5.21 Effect of [Ca -' - ] 
Apparent cytoplasmic Ca- 	level was maintained over lO 	to 10-M 
extracellular Ca2 , figure 5.1 . Thus despite the reduction in ATP, figure 3.9, 
the Quin 2 loaded protoplasts retained an efficient Ca regulatory capacity. 
The affinities for ATP of the relevant Ca 	transport processes may be 
sufficiently high 	that they are saturated by reduced A1± levels. me 
published J of the Ca 	transport processes for ATP are generally 10M 














0.5 -  
pCa 
Figure 5.1 	Effect of extracellular Ca 	
level on the steady 
state cytoplasmic Ca level. D. carota protoplasts were 
loaded with Quin 2 and exposed to various extracellular [Ca) 
set with 1xlOA EGTA with appropriate CaC12 to give the free 
CCa], calculated by reiterative computer program. Steady 
Cytoplasmic Ca 2 l level was measured after 15 minutes. pCa is - 










Figure 5.2. 	Fluorescence above autofluorescence of iL. carota 
protoplasts treated with 0.05%(v/v) Triton-X 100. 5x10 -1 1( 
extracellular Ca. 
with an estimated protoplast total ATP of =10 - - 'M, calculated from a measured 
protoplast ATP content 4.36±0.25x10 ' °Mol/lO' protoplast, n=4, and assuming 
a protoplast volume of 05x10 12 1. Alternatively, though total ATP levels may 
be depressed, ATP in the C&2--regulatory compartment may be unaffected or 
specifically maintained. Also ATP independent Ca- transport processes are 
known to occur in animal cells a/Ca 2 exchange [Schatzman, 1985]) and in 
plants (H/Ca- antiport [Schumaker and Sze,1985]). 
Below 10 -7M extracellular Ca 	apparent cytoplasmic Ca' levels fell, 
over 10 minutes, to a new steady state: 360 falling to 170nM in 1L carota, 
figure 5.1, or for example 50 to 20n1'f in F. aureus, figure 3.3. The decrease 
was reversed with excess extracellular Ca, figure 3.3, and may represent 
the destabilisation of the plasmalemma at <<10M extracellular Ca [Morgan 
et.al.,19841. However, gross disruption of the plasmalemma seems unlikely as 
addition of Ca- ionophore or detergent, disruptive treatments, caused an 
instantaneous change in cytoplasmic Ca-, figures 3.',4.1,5.2, rather than the 
time dependent action of EGTA, figure 3.3. Also a similar EGTA induced 
reduction in cytoplasmic Ca has been reported in animal cells monitored by 
Quin 2 ETsien et.al.,19821 or Fura 2 [Tsien et.al.,19851 and in E serratus 
monitored with Ca-selective microelectrodes (Brownlee and Wood,1986). 
It should be noted that the decline in Ca - to a similar steady state 
at all extracellular C& levels below 10 7M may only be illusiory as at pH 
7 Ca-EGTA equals K10 7X [Thomas,1982]. So at (ion] below 10M buffering 
is unlikely to be effective and the data points may in fact represent the 
same extracellular level of the ion. 
Above 10M extracellular Ca, apparent cytoplasmic Ca 	increased to 
figure 5.1. Extracellular Ca 	>10-M inhibits plant growth and may 
be cytotoxic [Burstrom,1968], effects that could be mediated through 
increasing cytosolic Ca to cytotoxic levels. Assuming the Ca-'- pumps 
removing cytoplasmic Ca- consumes one ATP/Ca, (Schatzman,1985], then the 
energy available from AT? hyarolysis can support a 10 fold concentration 
gradient of the ion [Schatzman,1985]. Thus with 10 'M intracellular Ca- the 
driving force of the pump would theoretically be overcome by 10l( 
extracellular Ca - and Ca2 influx occur, as was observed. 
Studies of the Ca7* dependency of fern spore germination [Wayne and 
Hepler,19841, mitotic progression [Hepler,1985) and pollen tube growth [Picton 
and Steer,19851 have all shown a permissive extracellular Ca range of 10 
IN to 101(, the range that the protoplasts were observed to regulate their 
intracellular Ca level over. So, though loaded with Quin 2, the protoplast 
Ca-regulatory system does seem to respond as in other higher plant cells. 
Apparent cytoplasmic Ca 	is only slightly changed by varying Mg 	or 
K over the range 0 to l0 3M, figure 5.3. So the Ca 2 regulatory system 
seems effectively buffered from changes in the concentration of extracellular 
ions. However a much wider range in ions, especially H, must be tested 
before the independency of the regulatory system can be fully assessed. The 
effect of [ion] <101( reducing cytoplasmic C& was specific for Ca, 
compare figure 5.1 and 5.3, reinforcing the view that low Ca 2 may disrupt 
Ca2 dependent membrane structure and affect Ca regulation. 
As with extracellular Ca, both 1(g - and K concentrations >101( 
cytoplasmic Ca* was observed to increase (with 5x10 M extracellular Ca), 
figure 5.3, and these high concentrations are known to inhibit plant growth 
and development [Greenway and Xunns,19801. Such cytotoxic effects could 
arise indirectly from increasing cytosolic Ca - levels. Doubling the osmotic 
strength of the medium (250mX to 500 mX sorbitol) did not increase basal 
Ca-2 ' levels, figure 3.10. Therefore the high [ion] induced increase in Ga 
levels represented an ionic rather than hyperosmotic effect. High [ion] may 
well negate or reverse the protoplast membrane potential so removing the 
electrochemical driving force for many transport processes and reducing 
plasinaleinma semi- permeability. Membrane depolarisation may also open the 
voltage gated Ca-2 '-channels tentatively identified in the plant olasmalemma 
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Figure 5.3 	Effect of Mg 	(& and K (0) on cytoplasmic Ca -;: - 
levels. Extracellular [Mg] was set with 1x10-K EDTA +MgSOd 
to give appropriate free [Mg] (calculated by reiterative 
computer program). Steady (Ca] was measured after 15 
minutes. eiOD is -logi ion]. Each point represents mean±SEX 
n3. 
[Hetherington and Trewavas,1984;Andre.jauskas et.al.,19851. To investigate this 
possibility the effects of antagonists on Ca" --channel activity of 
cytoplasmic C& level were assessed. 
5.23 Effect of Ca-Channe1 Antagonists 
Lanthanum and the dihvdropyridine drugs verapamil and nifedipine have 
been shown to inhibit Ca-channe1 activity in animal cells and to inhibit 
physiological processes in the plant [Hepler and Wayne, 19851. Incubation 
with these inhibitors, 1x1O 4 X La 3 ,verapamil or nifedipine for up to 2 
hours, the time required for saturation of verapamil binding to maize 
membranes (H. Harvey, pers. coxumun.] did not change the basal Ca level in 
protoplasts of ID_ carota, with 5x10 41( extracellular Ca-. With 5xlOM K 
and 1xlO 4M verapamil intracellular Quin 2 became Ca- 	saturated 
(Ca->1xlO() as was observed when the Ca 	channel antagonists were not 
present, figure 5.3. This lack of responsiveness may indicate that, under the 
conditions of assay, any Ca2 -channels were inactive , insensitive to the 
antagonists or simply not present, the reported effects of the antagonists 
on plant physiology [Hepler and Wayne,19851 being non-specific. 
To sense and respond to the large [ion] range that the protoplasts 
regulate Ca' over would need the integration of several sensor proteins of 
varying Ca affinity and the transport elements and stores of the Ca" 
buffering system, Such integration may well involve caimodulin which is 
known to modulate Ca 2 -transport processes at the plasmalemma, endoplasmic 
reticulum (Moore and Akerman,19841 and possibly tonoplast (Fukumoto and 
Venis,19861 j. vitro. Therefore the responsiveness of the regulatory system 
to modulation of calmodulin activity was studied and forms the basis of the 
following chapter. 
5,3 Summary 
Electroporation loading of Quin 2 has allowed estimation of apparent 
cytoplasmic Ca- 	levels in D. carota, L vulgare and E aureus at 
approximately 1-4x10 -7M 	(5xlO'M extracellular Cal - ).The protoplast 
posessed an efficient Ca--buffering capacity that maintained cytoplasmic 
Ca 	at 10 7M despite changes in extracellular Ca 	between lO 	to 10 ­M 
or Mg 	and K between lO 	to lOM. Outside this concentration range 
apparent cytoplasmic Ca 	regulation was ineffective with apparent 
cytoplasmic Ca 	approaching that of the medium. The loss of intracellular 
Ca--l' buffering capacity may arise from a reduction or reversal of the 
electrochemical gradient providing energy for the Ca- homeostatic system. 
The wide range of (Ion] over which cytoplasmic Ca is maintained argues for 
a complex integration of the elements of the Ca* buffering system. 
Incubation with Ca-channel antagonists did not change basal cytoplasmic 
Ca levels and so provides no evidence for the involvement of such channels 
in the regulatory system. 
CHAPTER 6 	Calmodulin reu1ation of the Ca--Stat 
6.1 Introduction 
A variety of physiological processes, in the plant, have been inferred 
to Involve the calcium dependent regulatory protein, calniodulin , from the 
generally inhibitory effects of the phenothiazine and sulphonamide (W-
series) of calmodulin antagonising drugs [Dieter,1984;Hepler,  and Wayne,19853 
The precise nature of the involvement of calmodulin is unknown. However, 
several plant enzyme activities have been shown to be calmodulin dependent 
. vitro including: H-transporting ATFase, Ca2 transporting ATPases, NAD 
Kinase, Quinate NAD Oxidoreductase and various soluble and membrane bound 
protein kinases [Dieter,1984]. in.. vitro activatl.on by calmodulin is shown by 
the Ca-ATPase Ca--efflux pump of the plasmalemma and the Ca 
sequestering activity of the endoplasmic reticulum [Dleter,1984; Moore and 
Ackerman,19841, both potentially responsible for maintaining the basal Ca-
level of the cytosol. Therefore the involvement of calmodulin in the 
maintenance of cytosolic Ca- levels in. vivo was investigated with a range 
of calmodulin antagonising drugs applied to Quin 2 loaded carrot 
protoplasts. 
6.21 Effects of calmodulin antagonists 
Resealed protoplasts maintained a steady basal (Ca-] for the 15 
minute period of continuous (Ca] measurment, figure 6.1. After this time 
cytoplasmic Ca - began to rise probably due to the onset of anoxic 
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Figure 6. 1 	Effect of V7 on cytoplasmic Ca 	levels in 
protoplasts of 	carrota with 5x109( extrace1lulr [ca-3. 
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Figure 6.2 	Effect of W5 on cytoplasmic Ca 	levels In 
protoplasts of D. carrota with 5x1OM extracellular (Ca'; - 3. 
Each point represents mean±SEL n3. 
On additilon of 5-10x1OX W7 and W5 cytopiasmic [Ca-] increased, 
over 15 minutes, to above those levels saturating Quin 2 (>lOM [Tsien 
et.al ., 1982)), with 5xlO 4 M extracellular Ca, figures 6.1 & 6,2. W5, is an 
analogue of the calmodulin antagonist W7 but with much reduced affinity for 
calmodulin [Roufogalis, 19821. Therefore, the equivalent effects of W7 and 
VS would argue for a non-specific disruption of Ca and/or cellular 
metabolism at these concentrations rather than specific calmodulin 
antagonism. Such non-specific effects, at equivalent concentrations, have 
been noted by other investigators and attributed to the generally hydrophic 
nature of these drugs [Moore and Ackerman, 1984; Roufogalis, 1981,19821. 
1x1OM V7 caused a greater increase in [Ca 2 ) than VS, over the 15 
minutes of the assay, figures 6.1 & 6.2, in accordance with the lower 
affinity of VS for calmodulin [Roufogalis, 19831. This may indicate that 
this lower concentration of W7 is acting through a rapid, specific 
calmodulin antagonism. Calmodulin antagonists have been reported to bind to 
the calmodulin-Ca 2 complex within 5 minutes of being administered to red 
blood cells [Hinds et.al.,19811. 
Trifluoperazine (TFP) and the local anaesthetic, tetracaine, are 
chemically unrelated to eachother or W7 and VS yet both inhibit calmodulin 
activity at lO-lOM [Roufogalis, 19821. TFP and tetracaine caused a 
similar rise in cytoplasmic [Ca-] to W7, though requiring approximately 5 
fold higher concentrations, figures 6.3 & 6.4. This agrees with their 
reduced binding affinity to calmodulin 1a vitro compared with W7 
[Roufogalis, 19831. 1FF Is generally thought to be the more potent 
antagonist than tetracaine [Roufogalis,1983]. However, in this study 
tetracaine was more effective. This discrepancy may reflect differences in 
uptake and intracellular localisation altering the apparent relative 
activities of the antagonists jD L viva cf. j. vitro. Alternatively, as with 
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Figure 6.3 	Effect of TFP on cytoplasmic Cal- levels in 
protoplasts of 	. carrota with 5xlO 4 M extracellular CCa). 
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Figure 6.4 	Effect of tetracaine on cytoplasmic Ca- levels 
in protoplasts of D. carrota. with 5xlOM extracellular 
(Ca-2- 1. Each point represents mean±SEL n3. 
caimodulin inhibitory activity [Roufogalis, 1981,1983; Elliot, 19831 and are 
especially relevant for tetracaine, whose local anaesthetic activity is 
thought to primarily take place through disruption of ion channel activity 
in cellular membranes [Grima et-al., 19851. However, addition of detergent, 
0.05% Triton X-100, caused cytoplasmic Ca 2 	levels to instantaneously 
approach that of the medium, figure 5.2 	, which is unlike the time 
fact 
dependent action of the antagonists, figures 6.1-6.4. This ,< argues against 
the antagonists acting through any gross non-specific detergent like 
activity they may possess. 
It has been noted that calmodulin antagonists transiently stimulate 
physiological processes before going on to inhibit them [Elliot et.al.,19831. 
This is consistent with the kinetics of the antagonist induced changes in 
Ga2 level observed in this study; that is an initial rise in cytoplasmic 
Ca to stimulatory levels, 10 rising to 10l'(, followed by a further 
increase to cytotoxic levels. 
The Ca/ATPase Ca- 	efflux pump at the plasmalemma and the Ca -­ - 
sequestering activity of the endoplasmic reticulum and tonopiast are known 
to be activated by calinodulin ia vitro in animal cells, Kd for calniodulin of 
<5n( [Schatzman, 19851 and in the plant [Lew et. al., 
1986;Dieter,1984;Fukuinoto and Venis,19861. These transport processes may be 
involved in maintaining basal [Cal] below 10M [Schatzinan, 19851 and if 
inhibited might be expected to cause the observed increase in cytoplasmic 
memk,rin ous 
Ca2 levels. Therefore theAsite5of the Ca 	fluxes causing the 
.jnduced .the calmodulin anagoniss 
cytoplasmic [Ca] increase,  were investigated 
6.22 Effect of EGTA on Calmodulin Antagonism 
Replacing the 5x10M Ca - with lx10'M EGTA reduced, but failed to 
totally inhibit the [Ca2 ] rise induced by 1x10 5 M W7, compare figure 6.5 & 
6.1. This reduction suggests that the [Ca] increase arose both from Ca 
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Figure 6.5 	Effect of ix1OX W7 on cytoplasmic Ca 	levels 
in protoplasts of 	carrota with lx1OX EGTA. Each point 
represents ean±SEM,n=3. Note change in scale. 
91 
ca- 	stores, potentially the endoplasmic reticulum or vacuole. Howevei - the 
identity of these intracellular Ca 	stores 	has not been directly 
demonstrated in. IiIo. in this investigation and again antagonist effects OTI 
other aspects of cellular metabolism, indirectly affecting Ca-metabo1ism, 
cannot be excluded. 
To investigate the possibility of these alternative sites of antagonist 
action the effect of TFP on protoplast ATP content and osmotic swelling 
were studied. 
6.3 Effect of antagonists on non-Ca -metabolism 
6.31 ATP levels 
Incubation with 5xl0 M TFF, the level at which elevation of apparent 
cytoplasmic calcium levels occurred (figure 6,3), caused a decline in total 
protoplast ATP levels to 50% over 120 minutes, figure 6.6. This decline in 
ATP levels started after the increase in apparent cytoplasmic C a : levels 
and so could indicate either a disruptive effect of the prolonged increase 
in cytoplasmic Car' on ATP metabolism [McCormack and Denton,1863 or a 
direct antagonism of a calmodulin regulated step in energy, or general, 
metabolism. 
6.32 Osmotic Swelling 
At 2.5xl0 1 M sorbitol (normal osmoticum) the volume of TFF treated 
protoplasts was unchanged from that of untreated controls, figure 6.7. 
Therefore the changes in Ca level observed on application of antagonist 
are unlikely to have arisen from the swelling induced artifacts reported in 
section 3.5. However, though 5x10'M TFF did not adverlv affect 
plasmalemma semipermeability (protoplasts were still osmotically active and 
so presumably semipermeable, figure 6.7) it did increase the extent to 
which osmotic changes in the medium caused volume changes in the 
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Figure 6.6 	Effect of 5x1OM TFF on total.protoplasts ATP 
levels. lO untreated control protoplasts contained 5'19x10 7 
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Figure 6,7 	Effect of 60 minute preincubation of D. crota 
protoplasts with 5x10:M TFP on osmotically driven protoplast 
volume changes. Protoplast diameters were measured after 15 
minutes in medium of appropriate osmotic strength. Each point 
represents mean±SEM, 0100. 
cytoskeletal elements through a direct effect on caijuodulin dependent 
cytoskeletal functions [Williamson, 19841 or the increase in cytoplasmic 
(Ca-I >101( is known to depolvmerise microtubules iii vitro and in 
vivo (Williamson,l984;1argo1is,l982l. However 1FF effects at sites other 
than Ca--caimodulin cannot be ignored. 
6.4 Summary 
Cytosolic free calcium levels were measured in carrot cell protoplasts 
loaded with the fluorescent [Ca"] indicator, Quin 2. Basal cytoplasmic 
[Ca-] increased to >10M on application of the calmodulin antagonists W7, 
r 
Tetracaine, TFF. The increase occued through Ca-' influx at the 
plasmalemma and from discharge of intracellular store(s), possibly the 
endoplasmic reticulum. The efficacy of the antagonists: 
W7>W5>Tetracaine>TFP agrees fairly well with the calmodulin binding 
affinity of these compounds in. vitro. This suggests that the antagonist 
induced rise in cytoplasmic CCa1 was due to specific inhibition of 
calmodulin dependent processes, potentially directly involved in the 
regulation of Ca metabolism. However, at relatively high drug 
concentrations 01xl0 5M W7) non-specific effects were observed. TFP was 
found to reduce protoplast ATP content by 50% and to disrupt some aspect 
of the cytoskeleton. Therefore a more general disruptive effect on 
metabolism, indirectly affecting Ca metabolism cannot be disregarded. 
The antagonist induced increase in cytoplasmic C0a 2 1 could itself 
affect Ca- dependent processes and may provide an alternative explanation 
for some of the plelotropic physiological effects of calmodulin antagonists 
to the direct involvement of calmodulin in plant processes. 
GENERAL DISCUSSION 
( , EIcERAL 1ICUSION 
'Pre criteria that must be met for the rigorous identification of Ca" 
regulation of a process in. yim are: 1) the process must be preceded or 
accompanied by a change in C& level; 2) blocking this change should block 
the process and 3) artificially inducing the change should induce the 
process [Jaffe,1980]. Thus though direct estimation of cytoplasmic calcium 
levels in higher plant cells (the first criterion) is technically demanding 
it is essential for our understanding of C& regulation of plant processes 
in. yiyQ. Similarly only when Ca- 	levels j, vivo are known will the 
significance of Ca 	regulation of enzymes ja vitro be put in context. For 
example it seems unlikely that enzymes with Ia.. for Ca 	of 10M (protein 
kinase [Blowers and Trewavas,1987)) and 10 - M (Quinate:NAD oxidorecductase 
[Ranjeva et.ai.,1986)) could both be regulated by similar changes in Ca- in 
the same cellular compartment. 
The approach adopted to answering these questions in this study has 
been to introduce either the Ca--indicating fluorescent dye Quin 2 [Tsien 
et.al.,19821 or photoprotein aequorin [Thomas,1962] into a population of 
higher plant cells or protoplasts. 
The exclusively extracellular hydrolysis of Quin 2/AX and related Ca - * 
indicators made loading through the cytosolic hydrolysis of a permeant ester 
to release the free indicator [Tsien et.al.,19821 inapplicable in all the cell 
and orotoplast systems studied. This is in agreement with the recent reports 
of Gilroy et.al.(198I5)Cork (1986a,b) and Wolniak and Bart (1985). In the few 
plant systems where ester mediated loading has been reported to be 
successful: I{aemanthus endosperm [Keith et,al.,19851, L serratus rhizoids, and 
pollen tubes [Reiss and Herth,19861 (though there are some contradictory data 
in this latter case [Cork,198€a,1986b]), fortuitous variations in esterase 
activities or specificities may have resulted in indicator-ester permeation 
to the cvtosol. Judicious redesigning of the acetoxyniethyl ester groups added 
to tL free indloator, developed for cytoaolic permeation and hvdrolvsia b 
animal cells [Tsien et.al.,1982], may allow a general ester loading method to 
be developed for plant cells. However, such redesigning would be both highly 
speculative and require extensive cross disciplinary expertise and is beyond 
the scope of this investigation. 
Of all the other indicator loading techniques investigated the specific, 
transient, electrically induced permeabilisation of the plasxnaleinma, 
'electroporation' proved effective and reproduc2able at gaining access to the 
plant protoplast cytosol and was not limited to the introduction of a single 
class of Ca2 indicator or indeed molecule. Electroporated cells and 
protoplasts have been reported to take up: nucleic acids, enzymes, dyes and 
even organelles and cells (Zimmermann et.al.,1964;Fromm et.al.,1986,Zimmermt 
et.al.,19761 and in this study electroporated protoplasts took up Quin 2 (Mr 
541), ethidium bromide (Mr 394), aequorin (Mr 20000), calmodulin (Mr 
18000) and fluorescent dextrans up to 42000 Da. Limitations on this 
cytoplasmic entry will be imposed by the size (2-8x10m) and half life of 
the electropores. The observed independency of stable electropore size to 
permeabilisinig pulse characteristic may indicate that it is imposed by some 
fundamental physical property of the plasmalemnia. This would agree with the 
consistency in the reports of electropore size (exclusively for animal 
cells), 4-8xi0'm [Knight and Scrutton.1986; Sowers and Lieber,1986;Benz and 
Zinimermann,19813. However, the fact that several kilobases of DNA or 
organelles can enter electroporated cells, despite their larger size 
[Zimmermann et.al.,1984: Fromm et,al.,19861, suggests a complex kinetics of 
P ore formation where instantaneously on permeabilisation large but unstable 
pores form. These large pores would then decay to a smaller stable size 
which is what this study, and those listed above, characterised. Benz and 
Zimmermann (1981' have reported that above 20-C the resealing of 
electropores in artificial cholesterol-phospholipid membranes consisted of a 
rapid (time constant 3.5xl0 seconds) and a slow (time constant 2x10 
second. phase. Thus though the speed of resealing is faster in this 
artificial system the 2 phase kinetics may well reflect those found in the 
electroporated plasmalemma. 
In perineabilised animal cells electropores are thought to close in 
nanoseconds to minutes. Such resealing has been explained by lipid diffusion 
in to the pores [Sowers and Lieber,1986;Benz and Zimmermann, 1981]. In this 
study, and in that of Teissie and Rols (1936) on Chinese hamster ovary cells 
resealing took 30 minutes or greater which may be less compatible with the 
rapid diffusion of membrane lipids than some as yet unidentified metabolic 
process 'repairing' the electropores. The marked inhibition of resealing by 
low temperature would be consistent with an active metabolic process 
although resealing of electropores in artificial lipid bilayers was slowed at 
temperatures <20rC [Benz and Zimmermann, 19811. These artificial membranes 
contained no proteins and the resealing process could not have involved a 
metabolic component. Study of the effects of inhibitors of cytoskeletal 
function and general metabolism on electropore resealing could provide an 
insight into this process in the cell plasmalemma. 
So, once optimised, electroporation has allowed the intracellular 
trapping of the Ca indicators Quin 2 and aequorin to levels detectable by 
fluorescence or luminescence . These indicators independently measured 
intracellular Ca levels at 361±47x10'K (n30) and 73±41x10M 
(n5)respectively. However, vacuoles of carota protoplasts loaded with 
Quin 2 accumulated up to 25% of this indicator making the interpretation of 
the relative contributions of the Quin 2 fluorescence from each cell 
compartment complex. Even so 75% of the indicator remains in the cytosol 
and vacuolar accumulation of heavy metal ions and low pH [Kiine 
et.al .,1982;Hughes et.al.,19831 may quench the vacuolar Quin 2 signal. 
Therefore the Quin 2 measurement technique may provide a Qualitative 
indication of cytoplasmic Ca-- * levels. The agreement with the Ca- levels 




and Wood) supports this view. The observed apparent decline in measured Ca :. 
levels with increasing vacuolar content of the protoplasts ,table 3.2, would 
also be predicted from an increasing proportion of the Quin 2 in larger 
vacuoles being quenched by the vacuolar contents. Quenched vacuolar Quin 2 
would still contribute to the procedure to calibrate the Ca'-' signal causing 
an underestimate of true Ca'-levels. 
The sensitivity of the Quin 2 family of C az -indicators to a range of 
other ions [Hesketh et.al.,1833 cannot be ignored. Fluxes in these ions, 
however unlikely, would be indistinguishable from that of Ca-'. However, in 
this investigation such an artifact can be virtually discounted as 
measurements with aeQuorin, which is less susceptible to ionic inteference, 
provided a cross check on the Quin 2 measurement. Confirmation of Quin 2 
[Ca-a'] estimations by aequorin (this study) or Ca' -selective electrodes 
[Brownlee and Wood,19861, is perhaos the best indication that the Ca 
measurements presented do qualitatively reflect free cvtoolasmic C a: levels 
in the plant iz 
The 10 'M basal Ca - 	level reported by Quin 2 and aequorin was 
maintained by an efficient Ca-stat over a 10' fold range in extracellular 
Ca 1-' (10' 7-l0M) and was unchanged by K' and Mg-' up to 10 M. Efficient 
regulation of intracellular Ca would be required by the cell to both keep 
Ca - ' below cytotoxic levels and to divorce its intracellular level from 
changes in the extracellular ionic miilieu. Such independence would be 
essential for Car' to act as an intracellular modulator. The ability of the 
Ca-' regulatory system to maintain intracellular levels down to 10 'M 
extraceilular Ca-' is of unknown physiological importance as the degree of 
variation in extracellular Ca- ' in the cell wall, and consequently at the 
external face of the plasmalemma, j 	is unknown. However, extraceliular 
Ca- 	is thought to be 1O ?'l [Her-der and Wayne,19851. Therefore the ability 
to maintain intracellular levels despite 10 - 'M extraceillular Ca 	may arise 
:TroL 	::: 	:aa:itv Of a reuatorV System adat,td tL oirate ii- a mu 
more concentrated Ca- environment. 
The ability to maintain intracellular Ca'— levels over a 10 fold range 
in extracellular concentration must require a complex integration of Ca 2 '-
stores, channel activity and C& pumps. Part of this interacting regulatory 
system has been revealed through ilL vitro studies of various plant systems 
in several laboratories. Most organelle Ca sequestering activities show a 
low affinity (K, for Ca-' >lOX) but high capacity for Ca - ' {Moore and 
Akerinan,19541. Whereas the Ca --:' transporting activities of the endoplasmic 
reticulum and plasmalemma have a 10 fold higher affinity and may represent 
the sites at which the low basal level is set [Moore and 
Aker man, 1984;Schatzmafl,1985]. These systems seem likely to be integrated 
through modulation by a range of Ca"' -binding proteins, the most widely 
studied of which is calmodulin [Dieter,1984], though there will undoubtedly 
be others [Sabnis and McEuen,1986:Ranjeva et.al.,19863. 
The increase in protoplast intracellular Car' level on application of, 
specific concentrations of, calmodulin antagonists, chapter 6, suggests that 
calmodulin is indeed involved in the Ca regulatory system. Other 
investigators have reported the calmodulin dependency of the Ca - ' 
transporting activities of the endoplasinic reticulum and vacuole and 
plasmalemma in a variety of plant tissues [Moore and 
Aker man, 1984;Dieter,1984;FUkUiflOto and Venis,19861. The fact that chelation of 
extracellular Ca" was observed to reduce but not abolish the antagonist 
induced rise in intracellular Ca- in the protoplasts is consistent with a 
calmoduiin dependency of Ca-::* transport across the plasmalemma and internal 
membranes. Grimes and Boss (1985) working with protoplasts from a fusogenic 
line of cells found calmodulin antagonists did intefere with "Ca-
fluxes to and from intracellular Ca2 ' stores but not at the plasmalemma. 
However, though calmodulin is involved somewhere in the maintenance of 
cytoplasmic Ca - ' levels whether this is directly through modulation of 
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o: more im1directv through moduition of for exr -
energy metabolism [XcCormnak and Denton,19861 cannot be assessed from the 
effects of antagonists ja vivo alone. The involvement of calmodulin, itself a 
Ca 	dependent protein, in the regulation of cytoplasmic Ca- levels leads to 
the possibility of a feedback control of free Ca 	levels. Ca-calmoduitn 
activation of Ca" 	activities could rapidly reduce an elevated 
cytoplasmic Ca 	level. This rapid efflux of cytoplasmic Ca-' could cause 
the transient increases in cytoplasmic levels observed in both animal and 
plant cells [Poenie et,al. .1985;Keith et.al,,19853. However, care must be 
exercised in the interpretation of the effects of calmodulin antagonists ir 
vivo which can be non-specific [chapter 6:Roufogal 4Ls.1981,1982;Elliot 
et.al..1983. 
To act as an intracellular regulator the Ca-' level must not only be 
maintained but also be able to change. There is indirect evidence for growth 
substances [Elliot et.al.,133 and especially phvtochrome [Roux 
et.al.,l8;Das and Sopory,1851 and inositol triphosphate [Rincon and 
Boss,1987 responses being mediated through changes in Ca fluxes at the 
nlasnalemma and organelles. Application of Red (645nm) or Far red (700nrn) 
light (applied with the fluorimeter excitation monochromator, slit 20nm. 
illuminating beam intensity 2Jm 2second', as alternate 30 second periods of 
red/far red illumination and Ca' measurement) or 0.1-10mg 1 1 trans-
Zeatin,2,4-D and 5xlOM myo-inositol(1,3,4)triphoshate did not change the 
steady basal Ca 	level observed by Quin 2 over 15 minutes continuous 
observation or at 60 minutes after treatment, data not shown. 	It is 
possible that any Ca 	level changes were too fast to be observed by Quin 2 
which is unresponsive to changes faster than 50msec [mien et.al..19651 
The indicators may also buffer out any rapid changes in Ca- level. However, 
though intracellular Ca 	buffering is well documented for Quin 2 
[Ashley.1980.Hesketh et.al.,i9833 it is not thought to be a problem with the 
low concentrations of aequorin used [Thomas,1'62]. Therefore reneating these 
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by the use of Quin 2. Also use of populations of protoplasts rather than 
sinie cells, though having the advantage of allowing biochemical analysis of 
the systems used,wili have lead to an averaging of Ca levels both within a 
protoplast and across the protoplast population . Thus a non-synchronous or 
spatially localised response may be reduced in amplitude when averaged over 
the whole population. Considering the immobility of Ca in the cytosol 
[Thomas.19823 stimuli may well cause localised changes in the intracellular 
[Ca]. Assays on single aeQuorin loaded protoplasts, with a suitable image 
intensification system, should reveal if this finer architecture of changes 
in intracellular Ca occurs. Of course the alternative to these explanations 
is that under the conditions used the stimuli did not cause changes in Ca-  
fluxes. A failure to observe modulation of calcium fluxes in wheat mesophyll 
protopiasts treated with similar stimuli has been reported EAkerinari 
et.al .,19833. Also it is quite possible for 'Ca-dependent' events to be 
modulated by changes in their sensitivity to Ca' rather than to changes in 
[Ca] per se, for example phosphorylation of phosDhorvlaset, Kinase reduces 
its K... for Ca 	10 fold (3 to 0.3xl0M) whilst that of myosin light chain 
kinase is increased 10 fold 	(0.8 to 8x10 '- Yi) on phosphorylation 
[Rasmussen,1983]. The 	carota cells used have not been reported to show a 
developmental response to red/far red light but do require cytokinin for 
division and become embrvogenic without 2,4-D [Lloyd et.al.,1801. 
It is interesting to note that although the order of 'basal' Ca-- level, 
LL carota suspension culture protoplasts > ? aureus root protoplasts 
vulgare mesophyll protoplasts could be due to differential Quin 2 
accumulation to the vacuole, the order is also that of meristematic activity. 
Thus the data may suggest the increase in cytoplasmic Ca 	level tentively 
observed during Haemanthus endosperm mitotic: progression EKeith et.al.,1863 
and directly measured in mitotic animal cells [Foenie et.ai.,19853. 
I 	I 
So in summary though protoplasts may not represent the ideal model for 
Ca-  regulation in plant cells, being wounded tissue exposed to crude fungal 
enzymes that may themselves act as elicitors of a Ca 	response 
tKauss,1985;Rincon and Hanson,1986:1, the response to extracellular Ca- 	and 
caimodulin antagonists suggests that Ca- 	regulation in this Drotopiast 
system does behave as that of the higher plant cell. Also electroporation of 
higher plant protoplasts allowing the, mainly cytosolic, trapping of Ca 
indicators within the cytoplasm represents one of the few systems where 
cvtoplasmic Ca- 	levels can be directly investigated in higher plant 
material. Measurement of cytoplasmic Ca- 	levels in these protoplasts 
revealed a highly efficient system to maintain cytoplasmic Ca 	levels which 
behaved j. V ivo similarly to its putative elements when analysed by others 
in. vitro. The study also confirms a putative role for caimodulin in the 
regulation of Ca 	transport to and from the cytoplasm and what until 
recently has been an act of faith by plant physiologists, namely 	that 
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Fig. I Muug bean root protoplasts, washed and + S(X) 51 Kin" ': (A) loaded to It) M qumn 2 by clectroporaitoil and 
resealing in 60 nsM quin 2; (B) as above but unekctroporatcd. s IOU Microgiaphs were taken using a t.emt2 Ortholux 
II microscope with Ploeniopak fluorescence illuminator, and Ilford UPS 400ASA black and while print IlIum. 
FUSS LETTERS 
I. INTRODUCTION 
In vivo variations in [Ca l * l, in plants have only 
been directly measured and correlated with 
physiological processes in a few cases. These have 
been limited to giant algal cells, suited to calcium 
indicator microinjection (I), or a few specialised 
systems where indicator uptake as a permeant ester 
(2) has proved successful, i.e. Hae,nanthtus en-
dosperm (3) and barley aleurone protoplasts (4). 
However, there is a lack of a suitable, generally ap-
plicable method for the intracellular uptake of the 
impermeant (Ca'') indicators to small, vacuolated 
cells of higher plants. 
We report here an investigation of the possible 
methods of uptake of the (Ca'(-indicating 
fluorescent dye, quin 2, by higher plant cell pro-
toplasts. A simple reversible membrane 
permeabilisation procedure. 'eleclroporalion' 151, 
Abbreviations: DMSO, dimethyl sulphoxide; FDA. 
fluorescein diacetate; quin 2, methoxyqumnolmnebis-
(o-aminopheuiosy)ethane-N.N.N ',N -ietraacetic acid, 
quin 2/AM, tetraacetosymethyl ester of quin 2; DTPA, 
dierhylenetrianimnepentaacettc acid 
has proved effective and represents the first 
general method of application of this indicator 
suitable for use with populations of plant 
protoplasts. 
2. MATERIALS AND METHODS 
2.1. Protoplast isolation 
Proloplasts from the apical 2-4 tom of root tips 
of mung beans (Phaseolus mungo) were prepared 
as in (6). Proloplast suspensions were stored at 
4°C and used within 30 min of production. 
2.2. Electroporation 
Immediately prior to electroporation protoplasts 
were sedimented (lO() x g, 10 mm) and resuspend-
ed at 4°C to 106/ml in electroporation buffer con-
taining (mM): 385 m.annitol, 100 KCI, 100 sucrose, 
20 NaCl. 0.1 MgSO4, 0.1 KH2PO 4 , 10 Hepes, 6 
quin 2 (Sigma). Two controls were carried Out: (I) 
omission of quin 2 and (ii) replacement of quin 2 
with 6 nsM EGTA to simulate the Ca'-chelating 
action of quin 2. Ca' was not included as it re-
duced the efficiency of, and survival of protoplasts 
after, pernteabilisaticmn if present while membranes 
Volume 199. number 2 
were permcabiliscd (unpublished). lO protoplasts 
were subjected to 2 pertneabilismtsg pulses of 50pS 
duration (time cotmstatst), maximum d.c. field 
strength 3.8 kV cns. 30 s between pulses, using 
equ ipment essentially as in (7). After incubation 
for 10 mitt at 4°C and ISO min at 25°C. to reseal 
tncmhraties, prolOplasts were washed 3 times 
(seditnented at 100 x g, 10 mm, with resuspcnston 
to fresh buffer supplemented with 500pM CaCI,. 
to stabilise resealed membranes). After this pro-
cedure no quin 2 could be detected its the superna-
tant from the final wash. Permeabilisation and 
resealing were assessed by the loss and reattain-
ment of the ability to exclude ethidium bromide 
(0.011o) for 1-2 min 171- In unelectroporated or 
resealed protoplasts ethidium bromide uptake took 
10 mm; on pertneabiltsatiott uptake was 
instantaneous. 
2.3. Fluorimetric assay 
Assays were carried out in a Baird Nova spec-
trofirtorimeter with excitation at A 339 nm (slit 
tO nun) and emission at A 490 nm (slit 10 nm). 
Prior to each assay 7% (v/v) percoll was added to 
slow protoplast settling. 
April 1986 
2.4. Quin 2 content and (Ca2 '1 
Protoplast quin 2 content was estimated by com-
parison of Ca'-saturated quits 2 fluorescence 
from loaded protoplasts after lysis (0.5 010 Triton 
X-lOO) or addition of 5pM A23187 (Sigma), to 
that of a known (quilt 21 under equivalent condi-
tions. 250 pM Ca-DTPA was added to remove any 
quin 2 quenching ions released on lysis (9). 
(Ca''I was estimated according to either 121 or 
(10), assuming cytosolic (Mg'') of I mM and p1-I 
of 7.1. In the first 4 experiments both methods 
gave identical (Ca" I and therefore only the former 
method was used in subsequent experiments. 
3. RESULTS 
3.1. Quin 2 uptake 
Table I indicates a range of methods that we ex-
haustively investigated to allow the uptake of q..in 
2 by higher plant cells and protoplasts. We have 
previously found that uptake as the pernseant ester 
of quin 2, quin 2/AM (2), was unsuccessful due to 
an esterase activity associated with both plant cells 
and protoplasts (I I). This esterase hydrolysed the 
qti in 2/ AN) to the ext racell it ar medium with no 
Volume 199. number 2 	 FEBS 3592 	 April 1986 
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evidence of intracellular hydrolysis and release of 
free quin 2 to the cytosol 1111. Methods to saturate 
or inhibit this external esterase activity proved un-
successful (table I). Of the alternative methods of 
quits 2 uptake investigated (table I), only dcc-
troporation has proved effective (83 04 successful, 
n = IS) and the following results relate to this pro-
cedure as applied to mung bean root tip 
protoplasts. 
3.2. Reversible ,nembrane perrneobilisa:ion 
Directly after electroporation ethidium bromide 
exclusion (over 1-2 mm) decreased from 88 ± II 
to 23 ± 15 07c (n = 8) indicating a loss of plasusalem-
ma integrity. This recovered to 68 ± 8 17c (n = 8) 
after the membrane resealing incubation, at which 
point protoplasts showed >70 010 FDA staining 
(retention or intracellular fluorescein) for >2 h. 
This indicated that the plasmalemnia had resealed. 
3.3. Quin 2 uptake after electropora non 
Electroporation allowed the intracellular trap-
ping of quits 2 (fig. 1). Electroporation in 6 m 
'v 
Fig.2. Fluorescence, above autofluorescence, 10 
protoplasts/mI loaded to 10' M quin 2, alter sequential 
addition of 2pM A23187 and SOOplsI Mn' (upper). or 
5 mM EGTA and 6 mM CaCI, (lower). A23187 was 
added from a I mM stock in DMSO. 
quits 2 trapped, on average. 800 ± 230 pistol quin 
2 per 106  protoplasts (vi = 8). This represents a 
(quin 21 of 1.9 x 10 Ni  assuming a meats pro-
toplast volume of 4 p1 (average protoplasm 
diameter 20 pits) and a uniform intracellular quin 
2 distribution. At these levels of quin 2 uptake pro-
toplast autofluorescence represented 1550 01n of 
the total fluorescence signal at 490 nnt. 
3.4. Intracellular location of qiit,i 2 
The fluorescence of the trapped quin 2 was unaf-
fected by the addition of 500pM Mn 2 , a potent 
quin 2 fluorescence-quenching tort 1101 (fig. I). On 
addition of2pM A23187, adivalent cationophore, 
quits 2 became accessible to either the high (CaI 
of the medium (500 pNI), which increased the 
Ca-dependcnt fluorescence of quin 2 3-4-fold, 
or to quenching by 500 M extracellular Mn 2 
(Iig.2). These results are consistent with an in-
tracellular location of the indicator. It is therefore 
protected from rapid changes in the medium by the 
protoplast plasmalemma unless an tonophore, 
which trattslocates cations across membranes, is 
present. 
3.5. fCcx''/ and indicator responsiveness 
In the presence of 500 ,.NI external quin 2, in-
tracellular (Ca 2  'I was estimated at 171 ± 41 nM 
(10 M intracellular quin 2, n = IS). On removal 
of extraccllular Ca 2 ' ( i- 5 mM EGTA) the (Ca 2 '] 
reported by quin 2 fell, over 5 min, to 17 076 of the 
original level In = 2). This effect was reversed with 
6 mM CaCl2 (fig.2). 
4. DISCUSSION 
Plasmalemma permeabilisation by electropora-
lion allowed itstraccllular uptake of the (Ca 2 ']' 
indicating, fluorescent dye, quin 2, to b' Ni, by 
protoplasts of higher plant cells. After 1-2 h at 
25 0 C these permeabilised protoplasts recovered 
their membrane integrity, trapping the quits 2 
itstracellularly. 
It is likely that intracellular quits 2 is partitioned 
between various cell compartments. Therefore, the 
(Ca 2 ' ( reported here cannot be directly related to 
lCa l * I t  until the extent of such partitioning, which 
is currently under investigation, has been deter-
mined. However, there are reasons to believe the 
intracellular quin 2 is unbound and has access to  
the cytosol (which represents some 20-30% of the 
root tip protoplast volume) as: (1) electroporation 
is thought to permeabilise preferentially the 
plasmakmnsa (5(, therefore initially quin 2 uptake 
must be to the cytosol; (ii) the quilt 2 family of 
(Ca2 'I indicators, in the cymosol of animal cells, is 
thought not to cross organelle membranes 18,121; 
(iii) intracellular binding of quits 2 should change 
its fluorescence spectrum (SI but no such change 
was observed (not shown); (iv) intracellular quin 2 
did respond to changes in extracellular calcium 
levels. Thus the indicator is in a functional, 
Cat '-sensitive and Ca 2 '-responsive state and site. 
The apparent dependency shown by intracellular 
1Ca 2 1 on extracellular (Ca 2 '] may truly reflect the 
state in intact protoplasm. Alternatively, it may 
result from a short-term loss of membrane func-
tion/semi-permeability on electroporatton from, 
e.g. the leaching of low-M, cellular constituents 
whilst permeabilised. However, membrane ttstegrt-
ty was seen to recover prior to the ICa 2 'I 
measurements and other investigators have found 
the technique non-disruptive of both membrane 
and cellular function 113.141. 
Thus elect roporation represents a general pur -
pose method for ion indicator uptake which should 
prove applicable to a wide range of both indicators 
and previously inaccessible higher plant systems. 
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A variety of physiological processes. in the 
plant, have been inferred to involve calmodulin 
front the inhibitory effects of phenothialine (e.g. 
IriflUOperaline) and sulphonamide (W.sertes) 
calmodulin antagonising drugs or local 
anaesihetics that inhibit calniodulin activity (e.g. 
tetracaine) (l(. Processes as diverse as gravutropism 
(2(, cytokinin-induced pigment accumulation (3(, 
secretion (4(, mitotic progression (SI and auxin 
transport (6( have been shown to be affected by 
calniodulin antagonists at concentrations of 
10'-10' M. The precise nature of the involve-
ment of calmodulin in these processes is unknown 
Correspondence address: S. Gilroy, Dept of Botany, 
University 01 Edinburgh, Mayfield Road, Edinburgh 
EU9 3JH. Scotland 
Abbreviations: quiit 2, methosyquinoliiiebis(o-amino-
phenovy)ethane-N.N,N'.N'-tetraacettc acid, 1FF, 
trilluoperazine; FDA, fluorescein diacetate; Cat', 
cytosolic free calcium 
though several calcium -cal mod ulin-dependent en-
zymes do occur in plants (fl, including the 
Ca 2 '-ATPase Ca l ' efflux pump of the plasmalem-
ma and the Ca 2 '-sequcstering activity 01 the en-
doplusmic reticulum 18,91, thought to be 
responsible for maintaining cytosolic calcium 
levels below 10
6  M [9(. 
We report here an investigation of the effects of 
anticalmodulin agents on the maintenance of free 
cytosolic calcium levels in carrot cell proloplasts. 
At low concentrations, specific for calmodulits an-
tagonism (10M or less), these drugs cause an in-
crease in cytosolic calcium levels which itself could 
modulate those processes previously inferred to in-
volve calinodulin more directly (2-61. 
2. MATERIALS AND METHODS 
2.1. Prowplasl isolation 
Protoplasls were prepared from carrot cells 
maintained in Murashige and Skoog's medium 
(Flow Labs), 2% sucrose, 0.1 mg/I 2,4-D, 
0.1 mg/I zeatin, pH 5.6 (adjusted with I N KOH), 
at 26°C and 120 rpm orbital shaking. Cells were 
Volume 212, number I 
preplasmolysed in culture medium supplemented 
with 250 mM sorbitol for IS mitt and then digested 
lor 2 h in preplasmolysis solution with 2% (wit') 
driselase (Fluka) and 1 019 (w/v) rhozyme HPISO 
(Gettetseor). The protoplasts released over this 
period were sedimeitted (50 x g for 10 min) and 
resuspended to 106  ml in fresh growth medium. 
Cells 6-8 days after subculture (mid culture cycle) 
proved optimal for both protoplast isolation and 
electroporation (see below). All protoplast suspen-
sions used showed >80 010 viability as assessed by 
FDA staining 1101. 
2.2. Electroporalion 
The electroporation procedure for carrot pro-
toplasts was modified from that reported for mung 
bean 1111. After isolation protoplasts were washed 
twice in ekctroporation buffer (250 mM sorbttol 
adjusted to p11 7.1 with I N KOH) by sedimenta-
tion (50 x g 10 mm) and resuspension to fresh buf-
fer (final concejitration 10 pro(oplasts/rnl). 
l'roioplasls were incubated at 4°C for 10 min and 
permeabilised with a single 6-8 kV/cm d.c. pulse, 
IS us duration (lime constant), using equipment as 
in fill. These conditions were optimal for 
permeabilisation and subsequent membrane re-
sealing. Immediately after permeabilisallon 
12 mM quill 2, I mM MgSO, 1 016 sucrose and 
CaCla to bring free Ca l ' to I aM (calculated by 
reiterative computer program) was added and pro-
toplasts were incubated at 4°C for 10 non, to slow 
membrane resealing. Protoplasts were then re-
sealed over 90 min at 26°C and washed 4 times in 
50 vols fresh buffer with 500#M CaCl2, to 
stabilise resealed membranes. After this procedure 
no quin 2 fluorescence could be detected in the 
supernatant of the final wash. 
2.3. Pern,eabilisation assays 
Permeabilisation and resealing were assessed by 
the loss and reattainlxtent of the ability to exclude 
ethidium bromide (0.01% solution) for 1-2 mm, 
the conditions being as in 1111. In utteleciroporated 
or resealed protoplasts ethidiurn bromide uptake 
took 10 mitt; on pertneabilisation it was instan-
taneous. 
2.4. Fluorimeric assays 
Fluorimetric assays, calculation of (Ca 2 '] and 
quin 2 content of loaded protoplasis were carried 
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out in a Baird Nova spectrofluortmeter (IlJ; 
assuming I mM ittiracellular Mg 2 '. pH 7.1, and 
Ca 2 ''quin 2 Kd of 115 nM (12(. 
3. RESULTS 
3.1. Quits 2 uptake on electroporation 
The ability of the carrot protoplasts to exclude 
ethidium bromide decreased from 83 ± 6 10 17 ± 
14% on electroporatioti in = 6) indicating that 
most protoplasts had been permeabmhised. After 
resealing for 90 min ethidium bromide exclusion 
recovered to 71 ± 9 0'14 in = 6) showing that the 
plasmalemina had resealed. Eleciroporation and 
resealing in 12 mM quin 2 allowed the intracellular 
trapping of 128 ± 41 ptitol quits 2/10 ° protoplasts 
in = 10). This is equivalent to an intracellular 
(quin 21 of 10 M assuming a mean protoplast 
volume of 0.5 p1 (average diameter 10.6 ± 0.6 pin, 
ii = 45) At such levels of uptake quill 2 
fluorescence represented 10-40% of the total 
fluorescence at 490 nm. 
3.2. Basal calcium levels 
Resealed proioplasts maintained a steady resting 
(Ca 2 'j of 361 ± 47 nM, ,m = 30 (500pM cx-
tracellular calcium) over a IS min period (fig.l). 
After this period (Ca 2 'J began to rise, probably 
due to the Onset of anoxic conditions in the sample 
cuvelle (not shown). Therefore continuous (Ca 2 (, 
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Fig.l. Effect of Wi oil cytosolic calcium levels in carrot 
protoplasis. with 500 nM estracellular Cal'. Each point 
represents mean ± SE, n ) 3. 
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3.3. Effects of ca/,,todtthn an:ago,tiszs 
On addition of 50— 100aM W7 and W5 lCa 2 '1 
was seen to rise, over IS mm, to levels abase those 
reliably detectable with quilt 2, > 10' M (121 
(with 500pM extracellular calcium) (figs 1,2). W5 
is an analogue of the calmodutiti antagonist W7 
but with much reduced activity Ill. Therefore the 
equivalent effects of W7 and W5 suggest that at 
these concentrations their action was due to a non-
specific disruption of membrane functions rather 
than a specific calinodulin antagonism. Such non-
specific effects on membranes at relatively high 
drug levels have been noted by others 19.13.141. 
However, at 10 #M. W7 causes a faster increase in 
(Ca ° ') than W5 (figs 1,2) in accordance with the 
lower affinity of W5 for caltnodulun Ill 
TFP and the local anaesthetic, tetracaine, are 
chemically unrelated to W7 and W5 but never-
tltcicss inhibit calmodulin activity tIl. TFP and 
tetracaine caused a similar increase in cytosolic 
calcium levels to W7 (with 500,00 extracellular 
calcium) though requiring approx. 5-fold higher 
concentrations. This is in agreement with their 
reduced binding affinity for calmodulin in vitro 
compared with W7 Ill. 
3.4. Effect of EGT.4 on calinodultn antagonism 
On replacement of 500pM extracellular Ca t ' 
with I tnM EGTA the increase in (Ca 1 't induced 
by 10 14  W7 is reduced 6. fold over the IS mitt of 
observation (figS). This reduction but not total in-
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Fmg2. Effect of W5 on cytosolie calcium levels in carrot 
protoplasts. with 500pM estraccllular Ca*. Each point 
represents mean ± SE. n 	3. 
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Fig.3. Effect of trilluoperazine on cyuosolic calcium 
levels in carrot protoplasts. with 500pM estracellular 




Time after drug addition (min) 
Fig.4. Effect of tetracaitte on cytosolic calcium levels in 
carrot protoplasts, with 500pM e.xtracellular Ca'*. 
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FigS. Effect of Wi on cytosolic calcium levels fit carrot 
protoplasts. with I mM exlracellular EGTA. Each point 
represents mean ± SE. n ) 3. Note change in scale. 
the effect of W7 on Ca 2 ' influx is not solely at the 
plastnalemma. There will also be an effect on the 
discharge of calcium from intracellular stores, 
such as the endoplastnic reticulum or vacuole 191. 
4. DISCUSSION 
The technique of intracellular loading of the 
[Ca 2 't-indicatitig dye, quin 2, by electropotation 
has allowed the measurement of intracellular 
calcium levels in niung bean root protoplasts (I It. 
carrot suspension culture proloplasts and barley 
mesophyll protoplasts (unpublished). Circurnstan-
tial evidence for the uptake of the dye to the 
cytosol of loaded protoplasts has been presented 
elsewhere 1111 but further to this the carrot pro-
toplasts used in this study are highly cytoplasmic 
(approx. 10°/u vacuolated) and isolated vacuoles 
and the particulate matter from protoplasts ac-
cumulate only 5-6% of the available quin 2 (not 
shown). This would suggest that the quill 2 is 
mostly in the cytosol at the time of (Ca 2 ') 
measurements and so will monitor cytosolic 
calcium levels. The resting ICat'I of 361 nM in-
deed is comparable with that found in giant algal 
cells using alternative methods to measure free 
cytosolic calcium levels 115,161. However, the 
subcellular localisation of quin 2 is currently under 
fuller investigation. 
The rise in (Ca 2 '1 from 361 nM to > 10' M 
observed on incubation with calniodulin an-
tagonists (at concentrations specific for an-
ticalmodulin activity) may arise from the reported 
calmodulin dependency of the Ca l '-ATPase Ca 2 ' 
efflux pump at the plasmaletnma and endoplasmic 
reticulum Ca 2 ' -sequestering activity (8.91. Both 
are involved in pumping Ca' from the cytosol to 
maintain the low resting Ca" levels and so if in-
hibited would be expected to cause an increase in 
(Ca 2  '1. The decrease in antagonist-induced 
(Ca2 '( rise on reduction of extracellular calcium 
suggests that a major fraction of cytosolic Ca 2 ' in-
flux is normally across the plasmalemma but that 
even when this flux is reduced the discharge of, 
unidentified, intracellular Ca' Stores can cause 
(Ca 2 '1, to rise as expected if the cytosolic Ca 2 ' ef-
flux pumps were inhibited. However, many other 
plant enzymes are known to be calmodulin-
dependent 171 and could equally well affect Ca 2 
levels through a general disruption of cellular 
metabolism. 
The efficiency with which the calmodulin an-
tagonists induce the rise in (Ca ° 't, Wi > 
let racaine > W5 and TFP is in general agreement 
with their ability to bind calmodulin in vitro (l( 
reinforcing the view that, in this case, their action 
may be specific for calmodulin antagonism. 
However, non-specific effects of these drugs have 
been noted 19,13.141 and often attributed to 
detergent-like effects. However. 005 0f Triton 
X- 100 caused intracellular (Ca 2 ') to approach in-
stantaneously that of the medium (fig.6). This ef- 
- 	 + Triton 
Pi 05 O'2 tjti5 
pLC'i 
Fig 6. (a) Effect of 005% Triton X-100 on cytosohic 
calcium levels, with 500#M extracellular Ca**. The 
fluorescence trace is representative of that obtained in 3 
separate experiments. (b) Effect of 0.05% Triton X-tOO 
out cytosotic calcium levels, with extraccllular Ca" set 
by I tnM EGIA + appropriate amounts of CaCI1 
(calculated by a reiterative computer program). Each 
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fect is unlike the time-dependent action of the 
caitnodulin antagonists (figs 1-4), which are 
therefore 1e55 likely to be acting through any non-
specific detergent-like activity they may possess. 
In summary, the large changes in tCa 2 '1 ob-
served on addition of apparently specific levels of 
calmodulin antagonists may provide an alternative 
explanation of the effects of these drugs on a wide 
range of physiological processes in plants to a 
direct involvement of calmodulin in these pro-
cesses- 
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